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ABSTRACT 
Nanoparticles, two-dimensional (2D) materials, and carbon fibers are widely used 
in nano electronic devices, aerospace structures due to their extraordinary properties. 
Among these properties, the surface morphology and the thermal transport are two 
important properties. The Raman scanning technique is used to characterize the surface 
morphology. But, the various asymmetries of Raman scattering due to structure variation 
in space are not considered. The optothermal method based on Raman spectroscopy is 
widely used to study the thermal transport of these materials. However, a significant 
drawback of this method is that both temperature and power dependent Raman study 
should be done to extract the thermal conductivity of the sample. The laser absorption is 
also subject to very large errors induced by unknown sample-to-sample optical property 
variation. In addition, for measuring the thermal conductivity of carbon fibers, it is very 
important to verify whether the thermal conductivities in axial and radial directions are 
isotropic.  
In this work, a Raman scanning technique is developed to explore the asymmetry 
of Raman scattering signal caused by structure variation in space. A nanosecond energy 
transport state-resolved Raman (ns ET-Raman) technique is developed to measure the 
thermal conductivity of suspended 2D atomic-layer molybdenum disulfide (MoS2) and 
molybdenum diselenide (MoSe2). And a novel method by combining the frequency domain 
energy transport state-resolved Raman (FET-Raman) technique and the transient 
electrothermal (TET) technique is developed to measure the anisotropic thermal 
conductivities of lignin-based microscale carbon fibers. The Raman scanning technique 
combines the confocal Raman system with a three-dimensional (3D) scanning stage. Silica 
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microparticles, glass micro fibers, and MoSe2 nanosheet are used in the experiments. Three 
asymmetry types of Raman scattering signal due to physical structure variation in space 
are discovered, which indicates this technique could be used to study the surface 
morphology of the sample. In the ns ET-Raman technique, two energy transport states in 
time domain are constructed to eliminate the need of temperature calibration and laser 
absorption measurement. The ratio of temperature rise under the two energy transport states 
is determined by the in-plane thermal conductivity of 2D atomic-layer materials. As a result, 
the in-plane thermal conductivity could be determined accurately without doing Raman 
temperature calibration and knowing the laser absorption. Four suspended MoS2 (45 – 115 
nm thick) and four suspended MoSe2 (45 – 140 nm thick) samples are characterized using 
ns ET-Raman. With the increased sample thickness, the measured thermal conductivity 
increases from 40.0 ± 2.2 to 74.3 ± 3.2 W·m-1·K-1 for MoS2, and from 11.1 ± 0.4 to 20.3 ± 
0.9 W·m-1·K-1 for MoSe2. This is attributed to the decreased significance of surface phonon 
scattering in thicker samples. To measure the thermal conductivities in the two directions 
of carbon fibers, the TET technique is used to measure the axial thermal conductivity of 
carbon fibers, and the FET-Raman technique is then used to determine the radial thermal 
conductivity with the measured axial thermal conductivity. Four lignin-based microscale 
carbon fibers are characterized. The temperature effect on the thermal conductivities in the 
two directions is also explored. Detailed Raman study of the axial and radial structures 
uncovers very strong structure anisotropy and explains the observed anisotropic thermal 
conductivities. The future work about the energy coupling between optical and acoustic 
phonons under photon excitation is also discussed at the end of this work.  
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CHAPTER 1. INTRODUCTION 
1.1 Characterization of Physical Structure of Micro/Nanoscale Materials 
Raman spectroscopy is a technique specialized in measuring the frequency shift of 
inelastic scattered light from the sample when the photon from the incident light strikes a 
molecule and produces a scattered photon.1-2 The out coming scattered light can be a photon 
with a lower frequency than the original one and in that case, it is known as Stokes Raman 
scattering or with a higher frequency and known as anti-Stokes Raman scattering.3 The shift 
in wavelength of the scattered light depends on the chemical composition of the molecules 
responsible for scattering. As a result, Raman spectrum can be treated as a fingerprint of 
different compounds.4 It is also found that the temperature difference would lead to the 
difference in lattice vibration, thus, affects Raman signal in the form of intensity, frequency 
(Raman shift) and width of peaks (linewidth). This feature makes it possible for the Raman 
spectrum to be used in temperature measurement in a non-contact and non-destructive 
manner.5 Additionally, Raman spectroscopy is also a useful tool for structure analysis. For 
instance, this method could be used to detect the defects in carbon nanostructures, to identify 
the number of layers and the edge structure in graphene.6-7  
The scanning confocal Raman system, which combines the confocal Raman 
spectrometer with an automated three-dimensional (3D) sample stage, could be used to study 
the composition and structure of the sample and measure the temperature variation of the 
sample. Lutz et al.8 designed a scanning confocal Raman system to obtain more detailed insight 
into the distribution of microcapsules into the polymeric coating matrix. The two-dimensional 
(2D) mapping at different heights allows a 3D representation and can thus give more precise 
information about the location of the microcapsules within the coating. Bobbitt et al.9 
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developed a scanning angle Raman spectroscopy to simultaneously measure the chemical 
composition and thickness of waveguide mixed polymer films with varying fractional 
compositions. Englert et al.10 proposed a systematic method for the quantitative and reliable 
characterization of covalently functionalized graphene based on scanning Raman microscopy, 
which made it possible to record and analyze several thousands of Raman spectra per sample 
and obtain various Raman properties and their correlations with each other in a 2D plots. Liu 
et al.11 used real-time Raman microspectroscopy scanning technique to distinguish zona 
pellucida (ZP) bound sperm from unbound sperm. This technique could be further developed 
into a diagnostic tool to identify normal functional sperm.  
Though a lot of research focused on the studying of composition and structure of 
materials, the surface morphology of materials could also be detected based on the Raman 
signal. However, the various asymmetries of Raman shift and linewidth caused by the 
morphology of materials, which are very important for accurate analysis, are not considered.  
1.2 Thermal Conductivity and Challenges of 2D Atomic-layer Materials 
2D atomic-layer materials such as graphene,12-13 hexagonal boron nitride (h-BN),14 
black phosphorus (BP),15-16 molybdenum disulfide (MoS2),
17 and molybdenum diselenide  
(MoSe2) 
18 have attracted significant research interest. One of the reasons for the rapid progress 
is that these materials are thought to be the most suitable candidates to eventually create a new 
generation of electronic devices.19-20 And the performance of electronic devices largely relies 
on the heat dissipation property and hence on the thermal conductivity of the materials.21 As a 
result, it is very crucial to measure, understand, and tailor/improve the thermal conductivity of 
2D atomic-layer materials.  
Some previous studies have reported the thermal conductivities of different 2D atomic-
layer materials. Jo et al.22 used a microbridge device with built-in resistance thermometers to 
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measure the thermal conductivity of suspended few-layered h-BN. Based on the obtained 
thermal resistance of the 11-layer h-BN samples with suspended lengths ranging from 3 to 7.5 
m, the in-plane thermal conductivity under room temperature was measured to be about 360 
W·m-1·K-1. In this method, the measurement accuracy is jeopardized by the unknown thermal 
contact resistance between the sample and the contacts. Jang et al.23 measured the thermal 
conductivity in different directions of mechanically exfoliated BP of 138 – 552 nm thickness 
using the conventional time-domain thermoreflectance (TDTR) and beam-offset TDTR 
method. The highest in-plane thermal conductivities were 86  8 and 34  4 W·m-1·K-1 along 
the zigzag and the armchair directions, respectively. And the cross-plane thermal conductivity 
was 4.0  0.5 W·m-1·K-1. Compared with other methods, this method requires more 
complicated setups and very careful operation to obtain data for further analysis.24 Shahil et 
al.25 used the transient “laser flash” technique (LFT) to measure the cross-plane thermal 
conductivity of graphene-based thermal interface materials. Based on the resulting temperature 
evolution, the thermal diffusivity could be determined. The specific heat of the material could 
be obtained by comparing the magnitude of the temperature rise to that of reference calibration 
sample. Then, the thermal conductivity was calculated by using these two parameters. 
However, this method cannot be used to measure thin films. Typical commercial laser flash 
instruments can measure samples with a thickness of ~100 m and above depending on the 
thermal diffusivity of the sample.26 
Among the different methods to measure the thermal properties of 2D atomic-layer 
materials, an optothermal method based on Raman spectroscopy is the most widely used one.27 
In this method, a laser is focused on the 2D atomic-layer material and the positions of the 
corresponding Raman-active mode are measured. The laser heating enables Raman redshift 
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due to thermal softening.28 Thermal modeling can then be used to extract the thermal 
conductivity from the measured shift rate. Several parameters, such as the rate of mode 
softening with temperature,29 optical absorption,30 2D atomic layer interface thermal resistance 
(R),31 and hot carrier diffusion coefficient (D)32 are required to realize the determination of 
thermal conductivity using the thermal modeling. The work by Yuan et al.32 is the first one to 
consider the energy re-distribution by hot carriers and they were able to measure the hot carrier 
diffusivity and mobility via a completely non-contact way.  
As the optothermal method based on Raman spectroscopy is a widely used method, 
many research groups used this method to measure the thermal conductivity of 2D atomic-
layer materials. Lee et al.33 measured the thermal conductivity of suspended pristine graphene 
over holes with diameter ranging from 2.6 to 6.6 m. Luo et al.34 reported the anisotropic in-
plane thermal conductivity of suspended few-layered BP. Yan et al.35 used this technique to 
measure the thermal conductivity of suspended monolayer MoS2 over holes with a diameter of 
1.2 m. Zhang et al.36 used this technique to study the thermal conductivity of monolayer and 
bilayer MoS2, monolayer and bilayer MoSe2. To minimize the effects of the finite spot size, 
the samples were suspended over holes with diameter between 2.5 and 5 m.  
Though the optothermal method based on Raman spectroscopy has been widely used 
to measure the thermal conductivity of 2D atomic-layer materials, a significant drawback of 
this method is that both temperature and power dependent Raman study should be done to 
extract the thermal conductivity of the sample. However, the temperature-dependent Raman 
study is very time consuming and could introduce large errors. Also the laser absorption is 
subject to very large errors induced by unknown sample-to-sample optical property variation. 
In our recently published work, we have developed a novel and more advanced technique: 
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energy transport state-resolved Raman (ET-Raman) to study the 2D atomic-layer materials’ 
thermal properties.37 The error introduced by Raman property temperature coefficient 
calibration could be eliminated using this technique. The ET-Raman is based on two extreme 
energy transport situations: near zero-transport using a picosecond (ps) laser Raman and 
steady-state using a continuous-wave (CW) laser Raman. One of the most attractive 
perspectives is that we do not need to know the laser absorption coefficient or the temperature 
coefficients of the Raman properties. The hot carrier diffusivity and interface thermal 
resistance could be determined by just comparing the Raman shift variation measured from 
different energy transport states in time and space domains. Thus, this technique eliminates the 
errors brought in by local optical absorption evaluation, temperature coefficient calibration, 
and the effects from electrical contact used in carrier mobility measurement. However, this 
ET-Raman technique with a ps laser can only be used for supported materials since the pulse 
interval is so short that a strong heat accumulation for suspended 2D atomic-layer materials 
will happen.  
1.3 Thermal Conductivity and Challenges of Carbon Micro Fibers 
As one kind of high-performance yet lightweight materials, carbon fiber (CF) has been 
widely used in aerospace structures, nuclear reactors, turbine blades, etc. In these applications, 
measuring the thermal conductivity of single CF has attracted much attention due to the 
fundamental role in evaluating the heat transfer characteristics of CFs. However, it is very 
difficult to measure the thermal conductivity of a CF since it has a diameter of several tens of 
microns or less.  
Some previous studies have reported the thermal conductivity of different carbon fibers. 
Zhang et al.38 used the steady-state shot-hot-wire method to measure the thermal conductivity 
of a single CF. The thermal conductivity of the single CF was estimated based on the relations 
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among the average temperature rise of the hot wire, the heat generation rate, the temperature 
at the attached end of the fiber, and the heat flux from the hot wire to the fiber. Gallego et al.39 
measured the thermal conductivity of ribbon-shaped fibers by two methods: a thermal 
potentiometer as a steady-state apparatus to measure CF’s thermal response to a controlled 
thermal gradient, an Angstrom’s method to measure CF’s thermal response to an oscillating 
heat input. Wang et al.40 used a T type method to measure the thermal conductivity of 
individual pitch-derived CFs in the temperature range 100-400 K. In this method, a hot wire 
served both as a heating source and a thermometer. The thermal conductivity of CF was 
determined by comparing the average temperature rise of the hot wire with and without the CF. 
Emmerich 41 presented a model of continuous defective graphene nanoribbons to predict the 
thermal conductivity of mesophase pitch-based carbon fibers in a single physical framework. 
Pradere et al.42 measured the specific heat and the longitudinal thermal diffusivity of three 
carbon fibers (rayon-based, polyacrylonitrile-based and pitch-based). Then, the thermal 
conductivity of these carbon fibers was estimated by the indirect relation pc = . Qiu et 
al.43 used a modified 3  method to measure the thermal conductivity of an individual 
polyacrylonitrile-based CFs processed in different treatment temperatures. Yuan et al.44 
calculated the thermal conductivities of the various round-shaped CFs according to the 
relationship between electrical resistivity and thermal conductivity. Liu et al.45 measured the 
thermal conductivity of the CFs from room temperature (RT) down to 10 K by the cryogenic 
transient electrothermal (TET) technique. 
Though different methods have been used to measure the thermal conductivity of CFs, 
only the axial thermal conductivity is obtained, the radial thermal conductivity has never been 
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measured and understood. To date, it is unknown whether the thermal conductivity of CFs is 
anisotropic in the radial and axial directions. 
1.4 Scope of Present Work 
In this work, Raman-based techniques are used to study the micro/nanoscale structure 
and thermal transport. A Raman scanning technique which combines the confocal Raman 
system with a 3D scanning stage is illustrated in detail in chapter 2. Different nanomaterials 
including silica microparticles, glass micro fibers and MoSe2 nanosheet are studied in detail to 
study the asymmetry of Raman scattering signal due to structure variation in space. Three 
asymmetry types, which include asymmetry of Raman scattering along one scanning direction, 
between two scanning directions, and by structure variation of sample in space are discovered. 
The physics behind these asymmetries is also interpreted in chapter 2. This technique could be 
very promising for exploring the structure variation in space for different kinds of 
nanomaterials and for studying the phonon-structure interaction of different materials. 
In chapter 3, a nanosecond (ns) ET-Raman technique is developed to address the 
challenges described in section 1.2. This technique developed for measuring the thermal 
conductivity of suspended 2D atomic-layer materials is illustrated in detail. The in-plane 
thermal conductivity of suspended MoS2 and MoSe2 nanosheets are measured. The thickness 
effect on in-plane thermal conductivity of these two 2D atomic-layer materials is explored. 
The thickness of the nanosheets ranges from 45 nm to 115 nm for MoS2, and from 40 nm to 
135 nm for MoSe2. For MoS2, κ increases from 40.0 ± 2.2 to 74.3 ± 3.2 W·m
-1·K-1. For MoSe2, 
κ increases from 11.1 ± 0.4 to 20.3 ± 0.9 W·m-1·K-1. This thickness dependence is interpreted 
by the increased significance of surface phonon scattering in thinner samples. The ns ET-
Raman technique features the most advanced capability to measure the thermal conductivity 
of 2D materials and will find broad applications in studying low-dimensional materials. 
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In chapter 4, a novel method by combining frequency domain energy transport state-
resolved Raman (FET-Raman) and TET techniques is developed to study the thermal 
conductivity anisotropy of lignin-based microscale CFs. The difference of axial thermal 
conductivity (a) among the four sample fibers is very small, and a is around 1.8 W·m-1·K-1. 
However, the difference of radial thermal conductivity (r) is very large, and r varies from 
0.11 to 8.0 W·m-1·K-1, revealing strong structure anisotropy and radial structure variation. The 
thermal conductivity variation against temperature also shows very different behavior. a 
features a reduction of more than one order of magnitude from RT to 10.4 K, while r shows 
very little change from RT to 77 K. For the same CF, there is also a large difference of r at 
different axial positions. Detailed Raman study of the axial and radial structures uncovers very 
strong structure anisotropy and explains the observed anisotropic thermal conductivities.  
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CHAPTER 2. ASYMMETRY OF RAMAN SCATTERING BY STRUCTURE 
VARIATION IN SPACE 
2.1 Experimental Setup 
As shown in Fig. 2.1(a), the Raman scanning experiments are conducted using a 
confocal Raman system, which consists of a CW laser, a Raman spectrometer (VoyageTM, 
B&W Tek, Inc.), a microscope (Olympus BX51), a 3D piezo-actuated nano-stage (ThorLabs 
MAX 312), and a step-motor based neutral density filter (CONEX-NSR1). A longitudinal 
single mode laser of 532 nm is introduced to the system and its power is adjusted by the filter. 
A 100× objective lens (NA=0.80) is used in the microscope to obtain a small laser beam with 
a diameter of about 600 nm [Fig. 2.1(b)]. The 3D piezo-actuated nano-stage with a resolution 
of 20 nm is used to realize the focusing of the laser beam on the samples and 2D scanning of 
the samples. The travel range of the stage is 20 μm in each direction. During the experiment, 
the Raman spectrometer, the filter and the 3D piezo-actuated nano-stage are all controlled by 
a LabVIEW-based software on the computer to shorten the experiment time, reduce the 
environmental interference to the system and improve the accuracy of the experiment. 
2.2 Raman Asymmetry Uncovered by Near-field Effect of Silica Microparticles 
2.2.1 Sample Preparation 
Samples are prepared by laying monolayer silica particles on silicon wafers, where the 
near-field heating is generated because of the particle-focused laser illumination. Many 
methods, such as spin-coating,46 tilting method,47 dip coating,48 Langmuir-Blodgett 
deposition,49 and wire-wound rod coating,50 could be used to realize deposition of silica 
microparticles on the silicon wafer. In this work, the spin-coating method is used to deposit 
silica microparticles on the silicon substrate. 
 
10 
 
 
Figure 2.1 Schematic of the confocal Raman scanning system with automatic Raman 
acquisition, energy tuning, and position scanning.  (a) The sample is illuminated by a 532 nm 
(2.33 eV) CW laser. The Raman signals are excited by the same laser and collected by a 
confocal Raman spectrometer (Voyage, B&W Tek, Inc.) with a spectral resolution of 1.05 
~1.99 cm-1. The laser power is adjusted by a step-motor neutral density filter. The 3D nano-
stage is used to realize scanning of the sample in different directions. The spectrometer, filter 
and the nano-stage are controlled by LabVIEW-based software. (b)(c) The spatial energy 
distribution of the laser beam. The diameter of the laser beam on the sample is determined as 
1.2 μm under 50× objective, and 0.6 μm under 100× which are 1/e radius of the laser intensity 
profile. 
Surfactant (triton-X: methanol = 1:400 by volume) is mixed with monodisperse silica 
particle suspension. The surfactant is used to assist in wetting the surface of silicon substrate. 
The suspension has silica particles with a solid percentage of 10% suspended in water. Silica 
microparticles with a diameter of 1210 nm (Bangs Laboratories, Inc.) are used in the 
experiment without any surface treatment. The silicon substrates (University Wafer) are 
cleaned in acetone and then deionized water for one hour with ultrasonic agitation. To obtain 
a better arrangement of the microparticles, it is important to keep these silicon substrates in 
deionized water until they are used for microparticles deposition. The silicon substrate is then 
placed on the rotating stage of the spin coater (KW-4A, Chemat Technology Inc.). The mixture 
is dispersed onto the silicon substrate using a microliter syringe and the substrate is spun for 1 
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min with a speed of 1000 rpm. Then the silicon substrate with silica suspension is left to dry 
for about half an hour in the air. It is the hydrodynamic pressure that makes the silica 
microparticles layers form on the silicon substrate. Areas of monolayer particles can be found 
by using the scanning electron microscope (SEM). Figure 2.2(a) shows a SEM image of silica 
particles with a diameter of 1210 nm assembled on the silicon substrate via the spin-coating 
method. In the figure, there are some areas of single silica particles, which are used in the 
experiment. 
2.2.2 Experimental Results and Discussion 
In our experiment, the sample is placed on the 3D piezo-actuated nano-stage. The laser 
power is adjusted to 15 mW, and the Raman integration time is 0.1 s. The incident laser is 
focused by the objective lens on the silica microparticle. The laser beam is further focused on 
the silicon substrate by the microparticle. The excited Raman scattering signal is collected 
through the Raman spectrometer. In the experiment, it is very important to focus the laser beam 
on the silica particle to achieve high accuracy and precision of Raman signal. As a result, the 
stage is moved in the z direction with a step of 1 μm and the Raman signal is collected. And a 
quadratic fitting method is used to obtain a good focal level of the laser based on Raman 
intensity ~ z relation. Then, one-dimensional (1D) Raman scanning of a single silica 
microparticle is conducted. The sample is scanned in a length of 3 μm with a step of 300 nm 
along the x and y directions, respectively. Note the x direction for scanning is the same for all 
samples, and the same for the y direction.  
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Figure 2.2 (a) A SEM image of silica microparticles with a diameter of 1210 nm deposited on 
the silicon wafer. (b) 1D Raman scanning results of 1210 nm single silica microparticle along 
the x direction. (c) 1D Raman scanning results of 1210 nm single silica microparticle along 
the y direction. The particle’s location relative to the coordinate is shown in the figure. 
The Raman intensity I, Raman shift ω, and linewidth Γ of silicon vary along the two 
directions are shown in Fig. 2.2(b) and (c). Along the x direction, the intensity difference 
between Imax and Imin is 26.24×10
3, with a maximum intensity ratio (Imax / Imin) of 2.549. The 
maximum intensity appears when the laser beam is irradiating the center of the particle. ω 
changes in a range from 517.40 to 521.60 cm-1, with a maximum shift of 4.20 cm-1. Γ changes 
from 7.34 to 10.52 cm-1, with a maximum difference of 3.18 cm-1. Along the y direction, the 
intensity difference between Imax and Imin is 24.43×10
3, with a maximum intensity ratio (Imax / 
Imin) of 2.413. ω changes in a range from 517.80 to 519.42 cm
-1, with a maximum shift of 1.62 
13 
 
cm-1. And Γ changes from 7.43 to 8.73 cm-1, with a maximum difference of 1.30 cm-1. Two 
Raman property asymmetries are observed here. The first asymmetry is with respect to the 
center position of the particle. Figures 2.2(b) and (c) show that the variations of I and Γ along 
the two directions are symmetrical, the variation of ω along the y direction is symmetrical, 
while along the x direction is asymmetrical. We name this type of asymmetry Type I 
asymmetry. The second asymmetry is between the scanning directions x and y. The particle is 
spherical and the induced near-field focusing should have the same distribution along the x and 
y directions. However, asymmetry exists for all the three Raman properties, and is most 
prominent for ω and Γ when comparing the variations of these three parameters between the 
two directions. We name this type of asymmetry Type II asymmetry. Along the two directions, 
the maximum intensity ratios are very close. The maximum shift of ω and the maximum 
difference of Γ along the x direction are around 2.5 times the values along the y direction. 
To have a better understanding of the asymmetry uncovered above, 2D Raman 
scanning of a single silica microparticle is conducted in a range of 4.5 μm ×4.5 μm with a step 
of 300 nm. The scanning starting position is also adjusted three times in each direction with a 
step of 100 nm. Then, the best one is chosen to further verify whether the asymmetry exists in 
ω and Γ along different scanning directions. As shown in Fig. 2.3(a), the variation of Raman 
intensity along the two directions is very similar. The maximum intensity rations of the two 
directions are both around 3.7, which indicates that the morphology of the silica microparticle 
could be reflected based on the result of Raman intensity. For , Fig. 2.3(b) clearly confirms 
the Type I asymmetry: it is asymmetrical along the x direction, while is symmetrical along the 
y direction. For Type II asymmetry (between x and y), it exists for both  and Г. The maximum 
shifts of ω along x and y directions are 4.8 cm-1 and 2.4 cm-1, respectively, which means that 
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the variation of ω along the two directions is asymmetrical. Though the maximum differences 
of Γ along x and y directions are nearly the same, both of which are around 3.0 cm-1, and the 
variation of Γ along each direction is symmetrical, the asymmetry of Γ could be seen when 
comparing the variations between the two different directions (x and y).  
 
Figure 2.3 (a) Raman intensity of 2D single silica microparticle scanning. (b) Raman shift of 
2D single silica microparticle scanning. (c) Linewidth of 2D single silica microparticle 
scanning. 
As shown in Fig. 2.3(a)-(c), the variations of the three parameters (I,  and Г) are very 
small when the laser beam is not irradiating the silica microparticle. It indicates that the effect 
of the laser asymmetry could be ignored. Additionally, the beam path of incident laser is fixed. 
Thus, the observed asymmetry of Raman scattering can be explained by the microparticle 
induced near-field focusing effect as shown in Fig. 2.4. The schematic of the layout of optical 
systems together with the Raman spectrometer’s CCD detector array is shown in Fig. 2.4(a). 
In Raman experiment, the Raman signal from the light focusing beam on the sample in fact is 
collected by the optical system and gives an image on the CCD detector. The intensity of all 
the detection pixels along the y direction at one x-location is added up to give the Raman 
intensity at one Raman shift location in the experiment. When the focusing beam is changed 
on the substrate, its image will shift on the CCD detector. Therefore, the measured Raman 
intensity, Raman shift, and linewidth will change accordingly. When the microparticle is not 
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under the laser beam, the laser beam is focused by the objective lens directly on the silicon 
substrate. When the laser beam is not irradiating the silica microparticle, the laser beam 
irradiates the silicon substrate directly. When the laser beam is irradiating the silica 
microparticle, as shown in Fig. 2.4 (b), the laser beam will be focused by the microparticle. At 
position 1 or position 4, only the left part of the laser is focused by the particle. Thus, the 
energy density of this part is larger, and the Raman intensity of silicon will increase. When the 
microparticle is moving to position 2, the silica microparticle is at the center of the laser beam, 
the laser is totally focused by the microparticle, and the energy intensity of the laser increases 
to the maximum value. Accordingly, the Raman intensity of silicon at this position also is the 
largest. With further moving of the silica microparticle to position 3 or position 5, only the 
right part of the laser will be focused, and the Raman intensity will begin to decrease. When 
the microparticle is out of the range of the laser beam, the Raman intensity will be equal to the 
value before the microparticle entering into the laser beam. As Raman intensity is only related 
to the energy density of the laser beam on the silicon substrate, the scanning direction will not 
affect the variation of the Raman intensity. Thus, not only the variation of intensity along each 
direction is symmetrical, the variations between the two directions are also symmetrical.  
However, the variations of Raman shift and linewidth along the x direction and y 
direction are different. If the silica microparticle is moving along the x direction, the Raman 
signals of different positions are shown in Fig. 2.4(a). At position 1, the left part of the Raman 
signal is refracted by the right part of the silica microparticle. This part of Raman signal will 
shift left and be collected by the detection units at left. Therefore, the Raman shift of silicon 
will decrease. Due to the shift part of the Raman signal, the linewidth will be larger. With the 
moving of the silica particle from left to right, more Raman signal will be refracted by the right 
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part of the silica microparticle, the Raman shift of silicon will also continue to decrease, and 
linewidth will increase. Then, the left part of the Raman signal will be refracted by the left part 
of the microparticle, the Raman shift of silicon will begin to increase, while linewidth will 
begin to decrease. When moving to position 2, the silica microparticle is at the center of the 
laser beam, the Raman signal refracted by the microparticle is symmetric, and the obtained 
Raman shift and linewidth will be equal to that before the silica microparticle entering the laser 
spot. This is true for the Raman shift as shown in Fig. 2.3(b), but the linewidth is a little larger 
than that when the laser beam directly irradiates silicon substrate. This reflects the fact that 
some signal spot enlarging effect by the microparticle. From position 2 to position 3, the 
Raman signal will be refracted by the left part of the microparticle and shift to right, the Raman 
shift of silicon will begin to increase, and the linewidth will also increase. If the microparticle 
continues to move to right, only part of the Raman signal will be refracted by the microparticle 
and shifts to right. Thus, the obtained Raman shift and linewidth will decrease. When the 
microparticle is moved to a position where the Raman signal will not be refracted by the 
microparticle, Raman shift and linewidth will decrease to the value as that at position 2. As a 
result, the variation of Raman shift along the x direction is not symmetrical, while the variation 
of linewidth along this direction is symmetrical. That is Type I asymmetry exists for  along 
the x direction.  
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Figure 2.4 Schematic of silica microparticle under laser illumination to explain the physics 
behind Raman asymmetry. (a) When the silica microparticle is moving along the x or y 
direction on the stage, different part of the particle is illuminated by the laser. The collected 
Raman signals of different positions are detected by different parts of the detector. (b) The 
laser focusing effect of silica microparticle at different positions. 
If the silica microparticle is moving along the y direction, the Raman signals will also 
be refracted by the silica microparticle following the same way described above. However, 
since the shift of the Raman signal is more along the y direction, the central position of the 
Raman peak will shift less than that in the x direction. The pixel numbers of detector along the 
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x and y directions are 2048 and 122, respectively. This implies that with the moving of the 
sample along the y direction, the detector units in the y direction to collect the Raman signal 
are nearly the same. As a result, Raman shift and linewidth of silicon along this direction will 
change much less than the other direction. This can be proved by the Raman shift and linewidth 
variation along the y direction with x=1.8 m, which is shown in Fig. 2.3(b) and (c). The results 
shown in Fig. 2.2(c) show some variations of Raman shift since the scanning line may not be 
exactly passing the central point of the particle. When the scanning line is not exactly passing 
the center of the particle, the variation of  and Г are caused by the morphological variation 
along the x direction. Thus, the variations of  and Г are very small or symmetrical when the 
particle is scanned along the y direction, while the variations of  and Г between the two 
directions are asymmetrical. That is, there is no Type I asymmetry along this direction, while 
Type II asymmetry exists for both  and Г.  
2.3 Raman Asymmetry by Near-field Effect of Micro/Sub-micron Glass Fibers 
For silica microparticle, when the microparticle is scanned along one direction, the 
morphology variance along the other direction may also affect the Raman scanning results. To 
suppress this influence and further explore the asymmetry in ω and Γ along the two directions, 
single micro/sub-micron glass fibers with diameters of 0.53, 1.00 and 3.20 μm are also used 
with different layout orientations. These glass fibers provide more controlled scanning study 
since we can control their orientation relative to the scanning direction. The glass fibers of the 
three diameters are dispersed into alcohol with ultrasonic agitation. Then the solution is 
dropped onto the silicon substrate by a pipette. The sample is left in air to wait for alcohol to 
dry. At last, the glass fibers are attached to the surface of the silicon substrate. Figures 2.5(a)-
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(c) show the SEM images of glass fibers attached to the silicon substrate. In our experiment, 
the glass fiber is oriented normal to the scanning direction.  
The sample is placed on the 3D piezo-actuated nano-stage. The laser power is set to 13 
mW, and the integration time is 0.1 s. The incident laser is focused by the objective lens on the 
glass fiber. Due to the optical effect of glass fiber, the laser beam is further focused on the 
silicon substrate. The 0.53 μm-thick glass fiber is scanned along the x direction in a range of 4 
μm with a step of 100 nm. Then the sample is rotated by 90 degrees and is scanned along the 
y direction. In this way, the same sample is scanned exactly in the same manner, but only along 
different directions. For the glass fiber with diameters of 1.00 and 3.20 μm, the scanning ranges 
are 4 and 9 μm, respectively. The scanning steps are 200 and 300 nm, respectively. As shown 
in Fig. 2.5(d)-(i), the variations of the Raman shift for different glass fibers along the two 
directions are also very small when the laser beam is irradiating the silicon substrate directly. 
That is, the effect of the laser asymmetry could also be ignored. The beam path of incident 
laser is the same with that used for the silica microparticles. Thus, the observed asymmetry of 
Raman scattering can be also explained by the micro/sub-micron glass fibers induced near-
field focusing. Figures 2.5(d)-(i) show the variations of the Raman properties for all the three 
samples. It can be seen that the variations of Raman intensity along each direction of the three 
glass fibers are symmetric. The maximum intensity ratios (Imax/Imin) of the three glass fibers 
along the x direction are 1.70, 1.81, and 1.54, respectively. And Imax/Imin of the three glass fibers 
along the y direction are 1.64, 1.98, and 2.45, respectively. For glass fibers with diameters of 
0.53 and 1.00 μm, the maximum intensity ratios between the two directions are very close. 
However, for the glass fiber with a diameter of 3.20 μm, the maximum intensity ratio along 
the y direction is larger than that along the x direction, which is due to the influence of the 
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larger diameters on the focus of the laser spot. And the variation of linewidth along the x 
direction is also symmetric. The variations of Raman shift along the two scanning directions 
of the three glass fibers are asymmetric with respect to the centerline of the fiber (Type I 
asymmetry). Type I asymmetry also exists for the variation of linewidth along the y direction.  
However, for single silica microparticle, there is no Type I asymmetry for both ω and 
Γ along the y direction. This difference between the silica microparticles and glass fibers is 
caused by the surface morphology of the two materials. When the silica microparticle or glass 
fiber is scanned along the y direction, the change of detection units used to detect the Raman 
signal will change in both two directions (x and y) in the Raman spectrometer due to the 
different variance of surface morphology. Because there are much more pixels along the x 
direction than that along the y direction, the small variation along the x direction will play a 
much more important role when the samples are scanned along the y direction. Comparing the 
variations of  and   along the x direction with that along the y direction, Type II asymmetry 
also exists. The variations of  and   along the x direction are much larger than that along the 
y direction. In addition, the diameters of the glass fibers could also be obtained based on the 
scanning results. As shown in Fig. 2.5(d)-(i), the affected area diameters of the three glass 
fibers based on Raman intensity and Raman shift are 1.25, 1.7, and 3.9 m, respectively. After 
subtracting the diameter of laser beam, which is around 0.6 m, the three values are very close 
to the diameters of the glass fibers obtained using SEM.  
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Figure 2.5 (a)-(c) SEM images of single glass fibers on the silicon substrate with diameters of 
0.53 µm, 1.0 µm, and 3.20 µm, respectively. (d)-(i) 1D Raman scanning results of glass fiber 
with the three diameters along two (x and y) directions. The red dashed lines indicate the 
boundaries of the affected areas of the glass fibers based on Raman intensity and Raman shift, 
and the blue dashed lines indicate the center of the glass fibers. 
As shown in Fig.2.5(d)-(i), the change of Raman shift and linewidth will also increase 
with the increasing of the diameters of glass fibers. When the glass fibers are scanned along 
the x direction, the maximum shifts of ω of the glass fibers with three different diameters are 
0.99, 2.05, and 4.00 cm-1, respectively. The maximum variations of Γ are 0.41, 0.95, and 4.40 
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cm-1, respectively. When the glass fibers are scanned along the y direction, the maximum shift 
of ω of the glass fibers with three different diameters are 0.20, 0.33, and 1.39 cm-1, respectively. 
Raman signal refracted by the glass fiber with a larger diameter will go through a longer path 
in the glass fiber, and the shift of Raman signal after this glass fiber will also be larger. As a 
result, Raman shift and linewidth will change more when a thicker glass fiber is scanned. 
Figures 2.5(d) and (e) show that when the laser beam is on the center of the glass fiber, the 
values of  and  are close to the values when the glass fiber is not under the laser beam. 
However, as shown in Fig. 2.5(f), when the diameter of the glass fiber is 3.20 m, the value of 
 is close to that when the glass fiber is not under the laser beam, while the value of  is larger 
than that when the glass fiber is not under the laser beam. In the scanning experiment, the 3D 
stage is adjusted to focus the laser beam on the silicon substrate. When the glass fiber with a 
larger diameter is under the laser beam, the laser beam on the glass fiber will be out of focus, 
which will increase the linewidth, while the central point of the peak () will not change.  
2.4 Type III Asymmetry by nm-thick 2D Material Structure: MoSe2 
In the above Raman asymmetry study, the Raman signal is scattered by the structure at 
the micron or sub-micron scales. To further investigate this structure-induced asymmetry, we 
use ~10 nm thick multilayered MoSe2 samples. The samples are obtained using the mechanical 
exfoliation method 51 from bulk MoSe2 crystals. Adhesive Scotch tape and gel films (Gel-Film, 
PF-20/1.5-X4, Gel-Pak) are used to transfer the MoSe2 nanosheet to a clean silicon substrate. 
The MoSe2 nanosheet on silicon is identified by using the optical microscope, atomic force 
microscope (AFM) (NMAFM-2, Digital Instruments, CA, USA) and Raman spectroscopy. 
Figure 2.6(a) shows the AFM image of the sample on a silicon substrate.  
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Figure 2.6 AFM measurement results of MoSe2 and 1D Raman scanning results of the silicon 
substrate along four directions. (a) The 2D surface image of the sample. (b) The thickness of 
the sample obtained along the stage that is used for Raman scanning. (c) Scanning from silicon 
substrate to MoSe2 nanosheet along the x direction. (d) Scanning from MoSe2 nanosheet to 
silicon substrate along the x direction. (e) Scanning from silicon substrate to MoSe2 nanosheet 
along the y direction. (f) Scanning from MoSe2 nanosheet to silicon substrate along the y 
direction. 
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As shown in Fig. 2.6(b), the sample has a thickness of about 11 nm. This image is 
obtained under the contact mode, which is beneficial to measure the thickness of the sample 
with a high resolution.52 Then the sample is mounted on the 3D nano-stage and the edge is 
located using the optical microscope of the confocal Raman system. The edge of the nanosheet 
is scanned in the x and y directions (with the edge normal to the scanning direction). For each 
direction, the sample is scanned both from the silicon substrate to the MoSe2 nanosheet and 
from the MoSe2 nanosheet to the silicon substrate. As a result, four scanning processes are 
done for silicon substrate and MoSe2, respectively. Both the Raman signal of silicon substrate 
and MoSe2 nanosheet are obtained.  
In the experiments, the laser power is adjusted to about 6.6 mW to give sufficient 
Raman signal while inducing moderate sample heating. A 50× objective lens (NA=0.50) is 
used in the microscope to obtain a small laser beam with a diameter of about 1.2 m [Fig. 
2.1(c)]. The integration time for obtaining the Raman signal of silicon substrate and MoSe2 
nanosheet are 0.5 s and 3 s, respectively. Figures 2.6(c)-(f) show the four results of silicon 
substrate’s Raman signal scanned in the four situations. Along the four directions, all the 
Raman intensity differences between Imax and Imin are around 14.9×10
3, with maximum 
intensity ratios (Imax/Imin) of about 5.5. The maximum intensity appears when the whole laser 
beam is irradiating on the silicon substrate. With the moving of the sample, more and more 
parts of the laser beam will first irradiate the nanosheet, which will decrease the energy 
intensity on the silicon. The corresponding Raman intensity will continue to decrease until the 
whole laser spot is on the nanosheet. When the nanosheet is moved along the x direction, the 
variances of  are 0.95 and 1.1 cm-1.  While the variances of  are 0.3 and 0.2 cm-1 when the 
nanosheet is moved along the y direction. Obviously, Type II asymmetry exists for . 
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Additionally, with the moving of the sample along the x or y direction, another type of 
asymmetry exists for  when the relative position of the laser beam changes from the silicon 
substrate to the nanosheet, and from the nanosheet to the silicon substrate. We name this type 
of asymmetry Type III asymmetry. Though the variation of detection units used to collect 
Raman signal will also affect linewidth, the variances of linewidth along the four directions 
are all very small, which indicates that the temperature variance of silicon is very small during 
the scanning process.   
Figure 2.7(a) shows the optical scattering variation to explain the Raman properties’ 
change observed in Fig. 2.6(c). At position 1, a small part of the laser beam is on the right side 
of nanosheet. Thus, only a small part of the Raman signal on the left will be weakened by the 
MoSe2, which makes the position of Raman peak shift to right. As a result, Raman shift will 
increase. At position 2, half of the laser beam is on the nanosheet, which leads to half of the 
Raman signal be weakened by the nanosheet. The maximum value of Raman shift will be 
obtained at this position. When more than half part of the laser beam is on the nanosheet, only 
a small part of the Raman signal on the right will not be weakened. The position of Raman 
peak on the CCD sensor will begin shifting to left, and the corresponding Raman shift of silicon 
will decrease until the whole laser beam is on the nanosheet (Position 3), where the value of 
Raman shift will be equal to that before the nanosheet entering the laser beam. As shown in 
Fig. 2.6(d), more and more parts of the laser beam will irradiate the silicon directly when the 
laser beam position is moving from the nanosheet to the substrate along the x direction. As a 
result, the corresponding Raman intensity will continue to increase until the whole laser beam 
is on the silicon substrate. For the variation of Raman shift, when the whole laser beam is on 
the nanosheet, Raman signal will be decreased by the nanosheet before collected by the 
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spectrometer. But due to the symmetry of Raman signal at this point, the value of Raman shift 
will be equal to the value obtained when the whole laser beam is on the silicon substrate.  
When part of the laser beam is moving out of the nanosheet, part of the Raman signal 
on the left will not be weakened by the nanosheet. The position of Raman peak will shift to the 
left on the CCD sensor, and the value of Raman shift will begin to decrease until half of the 
particle is out of the nanosheet. With much more parts of the laser beam out of the nanosheet, 
only a small part of the signal on the right will be weakened. Raman shift will begin to increase 
until the whole laser beam is on the silicon substrate. When the nanosheet is moved along the 
y direction, as the Raman intensity is only related to the energy density on the silicon, the 
variation of Raman intensity along the y direction is the same with that along the x direction. 
The variation of Raman shift along this direction is much smaller than that along the x direction, 
which is due to the detector. As shown in Fig. 2.6(c)-(f), the maximum shift of  along the x 
direction is around 1 cm-1, while the maximum shift of  along the y direction is only about 
0.25 cm-1.  
Figures 2.8(a)-(d) show the four results of MoSe2 nanosheet scanned in four directions. 
As Raman intensity is only related to the energy density of the laser, when the laser beam is 
moving from silicon substrate to the nanosheet, the Raman intensity will increase until the 
whole laser beam is on the nanosheet, and will decrease until the whole laser beam is moving 
out of the nanosheet. As shown in Fig. 2.8(a)-(d), the variances of  along the x direction are 
1.75 and 1.55 cm-1, while the variances of  along the y direction are 0.9 and 0.3 cm-1. This 
indicates that Type II asymmetry exists for . In addition, Type III asymmetry also exists for 
. As the sample is moved along the x or y direction, the variations of  are not symmetric 
when the relative position of the laser beam changes from the silicon substrate to the nanosheet, 
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and from the nanosheet to the silicon substrate. The variations of linewidth along the four 
directions are also very small, which indicates that the temperature variance of MoSe2 
nanosheet is very small during the scanning process.  
 
Figure 2.7 (a) Schematic of the scanning Raman system used to detect the Raman signal of 
silicon substrate. (b) Schematic of the scanning Raman system used to detect the Raman signal 
of MoSe2 nanosheet.   
Figure 2.7(b) shows the optical scattering variation to explain the Raman properties’ 
change observed in Fig. 2.8(a). At position 1, a small part of the laser beam is on the right side 
of nanosheet. Thus, only a small part of the Raman signal of MoSe2 on the far left will be 
collected by the Raman spectrometer. At position 2, half of the laser beam is on the nanosheet, 
which will make the left half of the Raman signal be collected and the position of Raman peak 
will shift to right. Consequently, the obtained  will increase. With moving of the sample, part 
of the Raman signal on the right will also be collected, and  will continue to increase. The 
maximum value of Raman shift will be obtained when the nanosheet is moved to position 3, 
where the whole laser beam is irradiating on the nanosheet. When the MoSe2 nanosheet is 
rotated 180, and is still moved along the x direction, the relative position of the laser beam 
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will be moving from the nanosheet to the silicon substrate. With the moving of the nanosheet, 
the left end of the laser beam will be out of the nanosheet, and irradiate on the silicon substrate. 
As a result, the Raman signal will begin to shift right, and the obtained  will increase until 
the whole part of the laser beam is irradiating the silicon substrate, when there is no Raman 
signal of the nanosheet.  
 
Figure 2.8 1D Raman scanning results of MoSe2 along four directions. (a) From silicon 
substrate to MoSe2 nanosheet along the x direction. (b) From MoSe2 nanosheet to silicon 
substrate along the x direction. (c) From silicon substrate to MoSe2 nanosheet along the y 
direction. (d) From MoSe2 nanosheet to silicon substrate along the y direction. 
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When the nanosheet is moved along the y direction, the variation of Raman shift along 
this direction is much smaller than that along x direction. With moving of the sample stage, the 
shape of the laser beam on the nanosheet is changing, which will also make the energy 
distribution of the laser spot on the nanosheet change. As a result, the variation of Raman shift 
along the four directions will not only be affected by the variance of detection units used to 
collect the Raman signal, but also the continuous changing of the shape of the laser beam. 
When the nanosheet is moved along the x direction, the variation of detection units plays a 
major role in the variance of the Raman shift, while the variation of the laser beam will play a 
leading role when the nanosheet is moved along the y direction. As shown in Fig. 2.8(a)-(d), 
the maximum shifts of  along x direction are both around 1.6 cm-1, while the maximum shifts 
of  along y direction are 0.9 and 0.3 cm-1, respectively.  
As shown in Fig. 2.6(c)-(f), and Fig. 2.8(a)-(d), the variations of I and  are very small 
when the laser beam is totally irradiating the silicon substrate, or the MoSe2 nanosheet, which 
also indicates that the effect of the laser asymmetry could be ignored. The beam path is also 
the same with that used for silica microparticles and micro/sub-micron glass fibers. Thus, only 
the effect of asymmetries among different scanning directions should be considered to obtain 
a much more accurate Raman scanning result. The average of the scanning results along -x and 
+x directions, or along -y and +y directions could eliminate the Type III asymmetry. And the 
average of the scanning results along -x and -y directions, or along +x and +y directions could 
eliminate the Type II asymmetry. As a result, both Type II and Type III asymmetries could be 
eliminated when the Raman signals along the four directions at the corresponding positions 
are averaged.  
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Figure 2.9 Raman scanning results of MoSe2 nanosheet and silicon substrate after signal 
reconstruction. (a) Results of MoSe2 nanosheet with the relative position of laser beam moving 
from nanosheet to substrate. (b) Results of silicon substrate with the relative position of laser 
beam moving from substrate to nanosheet. 
As shown in Fig. 2.9(a) and (b), the variation of Raman intensity and linewidth are still 
the same after averaging, which indicate that Raman intensity is only related to energy density 
of the laser beam and the temperature variance is very small during the scanning process. The 
maximum shift of  after data reconstruction is only about 0.20 cm-1, which is much smaller 
than that before data reconstruction. Thus, the asymmetry of Raman scattering along different 
directions has a big effect on the results of Raman shift, and should be eliminated before 
exploring the sample using Raman scanning method. 
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CHAPTER 3 CHARACTERIZING THE THERMAL CONDUCTIVITY OF 
SUSPENDED 2D ATOMIC-LAYER STRUCTURES 
3.1 ns ET-Raman Physics 
Although the Raman active optical phonons do not play a significant role in directly 
conducting heat in the in-plane direction, their frequency of vibration is reasonably sensitive 
to the local temperature fluctuations caused by external effects.53 The temperature increase of 
the suspended sample under laser excitation is directly related to the thermal conductivity of 
the material.54 In the ns ET-Raman technique, we construct two distinct energy transport states 
in time domain to probe the materials’ thermal response. Two lasers with 532 nm wavelength 
are used to irradiate the samples for both laser heating and Raman probing. Figure 3.1(a) shows 
the suspended sample, and the center of sample is irradiated by the laser. The first energy 
transport state is the steady-state heating. As shown in Fig. 3.1(b) and (c), a CW laser is used 
to generate steady-state heating, and to explore the temperature profile that depends on thermal 
conductivity. The MoS2 or MoSe2 nanosheets will absorb the laser energy and transport it along 
the in-plane and cross-plane directions. Compared with its lateral size, the thickness of the 
nanosheets is very small. As a result, the energy transport in the cross-plane direction could be 
neglected and the temperature can be treated constant in the thickness direction. Raman signal 
is also excited during the laser heating and could be collected to obtain the temperature profile 
of the sample. By using different laser powers (P), a parameter called Raman shift power 
coefficient (RSC) could be obtained: ( ) ( )CW 1/ /P T f    =   =   . CW  is determined 
by laser absorption coefficient ( ), temperature coefficient of Raman shift ( ), and the 
in-plane thermal conductivity of the sample ().  
/ T 
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The second energy transport state is opposite to the steady state: it has nearly zero 
transport. Figures 3.1(d) and (e) show that a ns laser is focused in the center of the suspended 
sample to realize localized heating and Raman probing. In the same way, as shown in Fig. 
3.1(f), the RSC for this ns laser heating case could also be obtained: 
( ) ( )ns 2/ / , pP T f c     =   =   . ns  is determined by laser absorption coefficient, 
temperature coefficient of Raman shift, volumetric heat capacity ( pc ), and the in-plane 
thermal conductivity of the sample. However, the thermal diffusion length from the heating 
region in this state is much smaller than steady state. That is, the contribution of heat 
conduction, which is highly related to the in-plane thermal conductivity of the sample, to the 
two Raman shift power coefficients are different for the two cases.  
Based on these two Raman shift power coefficients, a dimensionless normalized RSC 
is defined as ( )ns CW 3Θ / ,  pf c   = = . Although CW  and ns  are all influenced by laser 
absorption coefficient and temperature coefficient of Raman shift, the effect of these two 
parameters are completely ruled out in this normalized RSC. The laser power used in the 
experiments is very low, so that the temperature rise of the sample is moderate. In our work, 
the volumetric heat capacity of the sample has negligible size effect and shares the same value 
of the bulk counterpart. Then, Θ  is only related to the unknown in-plane thermal conductivity 
of the sample. Due to the different contribution of heat conduction under the two energy 
transport states, this normalized RSC could be used to obtain the in-plane thermal conductivity 
of the samples of different thickness. A 3D heat conduction model is used to simulate the 
temperature rise under the two energy transport states. Then, a relationship between the 
temperature rise ratio of the two energy transport states and the in-plane thermal conductivity 
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of the sample could be built. And the in-plane thermal conductivity of the samples with 
different thickness could be finally determined based on the measured Θ . 
 
Figure 3.1 Illustration of the nanosecond energy transport state resolved Raman (ns ET-Raman) 
concept. (a) The MoS2 or MoSe2 nanosheets are transferred to the silicon substrate with a hole 
beneath. (b)-(f) A 532 nm continuous-wave (CW) laser and a 532nm nanosecond (ns) laser 
are used to generate two different energy transport states in the time domain with the same 
objective lens (20). Due to the different contribution of in-plane thermal conductivity under 
the two energy transport states, the in-plane thermal conductivity of the sample could be 
obtained.   
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For the steady-state heating, the energy transport in the sample is governed by the 
differential equation 32-33 as below: 
 2 CW 0T q + = , (1) 
where TCW (K) is the temperature rise in steady-state heating,  (Wm-1K-1) is the in-plane 
thermal conductivity of the sample, q  is volumetric Gaussian beam heating and is given as 
 ( )
2
0
2
0
, exp exp
L L
I r z
q r z
r 
   
= − −   
  
, (2) 
where 20 0/I P r=  is the laser power per unit area at the center of laser spot, r0 (m) the radius 
of the ns laser spot, L  the laser absorption depth and could be obtained based on the equation 
)/ (4L Lk  = ,
55 where  (532 nm) is the laser wavelength, kL the extinction coefficient of 
the sample. We have L (MoS2) = 36.5 nm and L (MoSe2) = 20.6 nm.
56-57 Note that although 
we use this parameter for data processing in our work, any error carried in it will have 
negligible effect in the final determined .      
For the transient-state heating, the width of the ns laser pulse is 76 ns, and the interval 
between two pulses is 10 s. When the laser irradiates the sample, electrons will be excited to 
the conduction band with holes left in the valence band. Then hot carriers (hot electrons and 
holes) are formed due to the higher energies compared to the Fermi Energy. The life time of 
these hot carriers is about nanoseconds or shorter, which is much shorter than the laser pulse 
width. If the hot carrier life time is longer than or comparable to the laser pulse width, the 
effect of the hot carrier should be considered. The equation below can be used to determine 
the carrier concentration ( , )N r t  58:  
 2 0
nN N T
D N
t T

 
  
=   − + +
 
, (3) 
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where D,   , and   are the carrier diffusion coefficient, the electron-hole recombination time 
and the incident photon flux of the laser source.   and 0n  are the optical laser absorption 
coefficient of the material and the equilibrium free-carrier density at temperature T. This also 
indicates that it is very important to select an appropriate laser pulse width in the experiment. 
In addition to the hot carrier life time, the time to reach a thermal equilibrium for the material 
should also be considered. This time can be estimated by the equation 2t d  , where d and 
  are the diameter of laser spot and the thermal diffusivity of the material. The laser pulse 
width should be comparable to, or shorter than this time. For materials with a very small  , 
this time will be very long, and a microsecond pulsed laser may also be useful. While for 
materials with a very large  , this time will be very short, and a picosecond pulsed laser may 
be needed.  
For pulsed laser heating, the effective thermal diffusion length (Ld) could be estimated 
as 2 /d pL t c =  ,
59 where pc  (J·m
-3·K-1), t (s) are the volumetric heat capacity of the 
sample and laser pulse width. The diffusion length values of MoS2 and MoSe2 are about 4 and 
3 m, respectively. Note this length is much longer than the sample thickness (around 100 nm 
or less). Thus, it is physically reasonable to assume the sample has uniform temperature 
distribution in the thickness direction and this has been observed in our 3D modeling. The size 
of the suspended area is 22 m  22 m. As a result, the thermal diffusion area under this state 
is much smaller than the sample size. A characteristic time (tc) is used to define the time needed 
for the temperature to cool down to the ambient temperature after the nanosecond pulse heating. 
This time is estimated as 20.2026 /c pt c L = , where L (m) is the distance between the center 
of the suspended sample to the boundary of the suspended sample, which is 11 m in our 
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experiments. Due to the smaller thermal conductivity of MoSe2, its corresponding 
characteristic time is longer, which is about 4 s. That is, the time interval between two pulses 
(10 s) is long enough for the sample to cool down to the ambient temperature for MoS2 and 
MoSe2 after a ns pulse heating. Therefore, it is confirmed that the ns pulses do not have 
interference with each other and no steady-state heat accumulation exists in the ns laser heating 
case. The Fourier equation governing the nanosecond laser heating pulse can be written as:60 
 2 ns /
ns
L p
T
T I c
t
  

 + =

, (4) 
where Tns is the temperature rise in the transient state. The laser intensity I (Wm
-2) is expressed 
by  
 ( ) ( )
2 2
0 2 2
0 0
, , exp exp 4ln 2 exp
L
r t z
I r z t I
r t 
     
= − − −    
    
, (5) 
where I0 (Wm
-2) is the peak laser intensity, t0 (76 ns) is the pulse width of the ns laser.  
Based on Equations (1) and (4), the measured temperature rise of the sample under the 
two energy transport states are determined by the in-plane thermal conductivity, the laser 
absorption coefficient and the volumetric heat capacity. By solving Equations (1) and (4), the 
ratio of the temperature rise of the sample under the two heating states could be obtained. In 
our experiments, the ratio is equal to the normalized RSC. As the temperature rise caused by 
laser heating is moderate, pc  could be assumed constant. As a result, the ratio could be used 
to determine the in-plane thermal conductivity of the sample based on the different contribution 
of heat conduction under the two energy transport states. Note the experimental data (RSC) 
basically is based on Raman intensity-weighted temperature rise in both time and space. All 
these are considered in our data processing and detailed later.   
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3.2 Experimental Details 
The schematic of the Raman system setup for the experiments is shown in Fig. 3.2. 
Figure 3.2(c) shows the Raman spectra of two vibrational modes of MoS2 (
1
2gE  and 1gA ) and 
one vibration mode of MoSe2 ( 1gA ) excited by 532 nm laser. The 
1
2gE  mode of MoS2 is 
associated with in-plane opposite vibration of two sulfur atoms with respect to the 
molybdenum atom, while the 1gA  modes of the two materials are related to the out-of-plane 
vibration of only sulfur or selenium atoms in opposite directions.35, 61  
 
Figure 3.2 Schematic of the ns ET-Raman system. (a) Suspended 2D atomic-layer sample 
(MoS2 or MoSe2) is irradiated by CW and ns lasers. A LabVIEW-based program is used to 
control the Raman spectrometer and the ND filter. (b) The atomic structure of MoS2 or MoSe2. 
The green balls are the Mo atoms, and the yellow balls are Sulfur or Selenium atoms. The 
distance between two adjacent layers is around 0.65 nm. (c) Raman spectra of MoS2 and MoSe2 
excited by the laser could be used to determine the temperature rise of the sample. 12gE  (~ 383 
cm-1) and 1gA  (~ 408 cm
-1) modes of MoS2, 1gA  (~ 240 cm
-1) mode of MoSe2 are obtained in 
the experiments. The 1gA modes for both MoS2 and MoSe2 are used to explore the temperature 
rise of the samples. 
The Raman experiments are conducted by using a confocal Raman system, which is 
shown in Fig. 3.2(a). This system consists of a Raman spectrometer (Voyage, B&W Tek, Inc.) 
and a microscope (Olympus BX53). A CW laser (Excelsior, Spectra-Physics) or ns laser (DCL 
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AIO Laser, Photonics Industries, International, Inc.) with the same wavelength (532 nm) is 
introduced to the system, and a motorized neutral-density (ND) filter (CONEX-NSR, Newport 
Corporation) is used to adjust the laser power. The switch of the two lasers could be realized 
by a flip mirror without any other change to the system setup.  
During the experiment, the Raman spectrometer and the ND filter are controlled by a 
LabVIEW-based software to realize automatic acquirement and saving of the Raman spectra, 
and automatic adjustment of the ND filter. At the same time, the experiment time is shortened 
significantly, the environmental interference to the system is reduced, and the accuracy of the 
experiment is improved dramatically. In the experiment, a 20 objective lens (NA=0.4) is used 
for the two energy transport states. RSC of the sample under the two energy transport states 
could be obtained based on the acquired Raman spectra. For the steady-state heating, the 
influence of hot carrier transfer on the measured RSC are much smaller by using the 20 
objective lens than using objective lens with a higher magnification. That is, the influence of 
hot carrier transfer is related to the laser spot size. The hot carrier diffusion length is around 
0.4 m for MoS2, which is much smaller than the laser spot size under 20 objective lens (r0 
~ 1.5 m).32 As a result, the effect of hot carrier transfer becomes more negligible.  For the 
transient-state heating, the energy density of the ns laser is very high. The larger magnification 
of the objective lens, the higher the energy density of the laser on the sample. The sample will 
be damaged when the energy density is too high. As a result, the 20 objective lens is used. 
Then, RSC of the sample under the two energy transport states could be obtained based on the 
acquired Raman spectra to determine the in-plane thermal conductivity of the sample.  
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3.3 Sample Preparation and Characterization 
Four layered MoS2 samples and four layered MoSe2 samples are prepared by the 
mechanical exfoliation method from bulk MoS2 and bulk MoSe2 crystals, respectively. 
Compared with samples prepared by chemical vapor deposition and liquid exfoliation, samples 
with pristine, clean, and high-quality structures could be obtained by using the mechanical 
exfoliation method.62 Adhesive Scotch tape and gel films (Gel-Film, PF-20/1.5-X4, Gel-Pak) 
are used to transfer the MoS2 or MoSe2 nanosheet to a clean silicon substrate with a hole 
beneath.63 The hole is fabricated by using the focused ion beam (FIB) technique. The size of 
the hole is 22 m  22 m, and the depth of the hole is 3 m.  
Figures 3.3(a)-(g) show the process of sample preparation. First, MoS2 or MoSe2 are 
peeled off from the corresponding bulk materials using the adhesive Scotch tape. The obtained 
MoS2 or MoSe2 on the tapes are then transferred to the gel films. The gel films and the silicon 
substrate with a hole in the middle are attached to two glass slides, respectively. Two 3D nano 
stages are used to realize the alignment of the sample on gel film and the hole in the silicon 
substrate. Then, the gel film is brought in contact with the substrate and pressed gently. The 
sample is transferred to the hole area on the silicon substrate when the gel film is slowly moved 
away from the silicon substrate.  
Figures 3.4(a)-(h) show the AFM images of the four MoS2 samples and four MoSe2 
samples. To avoid sample damage, the supported areas of these samples are used to measure 
the thickness of the samples. In these images, the red dashed lines indicate the thickness 
profiles shown below. The thickness of MoS2 samples are 45, 81, 102, and 115 nm, respectively. 
And the thickness of MoSe2 samples are 45, 62, 95, and 140 nm, respectively. The biggest 
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thickness variation (Δlmax) along a line of the sample surface is used to evaluate the surface 
roughness.  
 
Figure 3.3 Schematic of the sample preparation process for the Raman experiments. (a) MoS2 
or MoSe2 are peeled off from the bulk materials using the mechanical exfoliation method. (b) 
The exfoliated material is then transferred from the scotch tape to a gel film. (c) The gel film 
is attached to the edge of the glass slide. (d) Align the gel film with the hole in the silicon 
substrate by using two 3D nano-stages. (e) The gel film is then moved down to touch the silicon 
substrate. (f) The gel film is moved up slowly to realize the transfer of the sample to the silicon 
substrate. (g) The obtained suspended MoS2 or MoSe2 on silicon substrate.  
As shown in the Fig. 3.4(a)-(h), compared with the thickness of the samples, the values 
of Δlmax for these samples are relatively small. And Δlmax increases with increased thickness. 
In addition to surface roughness, wrinkles on these samples can also result in the thickness 
variation. For the 62 nm MoSe2, Δlmax is a bit larger, which is possibly induced by the not good 
contact between the sample and substrate in some locations. The root-mean-square roughness 
(Rq) is also used to reflect the roughness of the samples. For instance, Rq of the four MoS2 
samples are 1.73, 1.95, 2.61, 3.05 nm, respectively. It can be seen that Rq increases a little with 
increased thickness.  
 
 
41 
 
 
Figure 3.4 (a-d) AFM measurement results of four suspended MoS2 samples. (e-h) AFM 
measurement results of four suspended MoSe2 samples. (a1-h1) are the AFM images. (a2-h2) 
are the thickness profiles to show the thickness of the sample corresponding to the red dashed 
line in the AFM images. (a3-h3) are the thickness profiles to indicate the roughness of the eight 
samples.  
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3.4 Results and Discussion 
3.4.1 Thermal Response of the Sample under CW and ns Laser Heating 
In the Raman experiments, room temperature Raman spectra are collected 
automatically under different laser powers for all the eight samples to obtain the Raman shift 
power coefficient. Both the CW and ns laser power are adjusted based on material and 
thickness of the sample.  For the 45 nm-thick MoS2 sample, the CW laser power is varied from 
0.31 mW to 1.82 mW under the 20× objective lens, and the ns laser power is from 0.023 mW 
to 0.071 mW under the 20× objective lens. The laser powers of all the eight samples are listed 
in Table 3.1. Note that the laser power here refers to the average power of the laser irradiating 
the sample surface. The laser power should be maintained as low as possible to avoid sample 
damage64 and to stay within the linear dependence range of the Raman shift.  
Table 3.1 Summary of the CW and ns laser power ranges for the eight samples, and the 
corresponding laser spot diameters under the two lasers. 
Sample 
thickness 
(nm) 
Sample 
materials 
CW laser power 
range under 
20× objective 
lens (mW) 
ns laser power 
range under 
20× objective 
lens (mW) 
CW laser 
spot 
diameter 
(µm) 
ns laser 
spot 
diameter 
(µm) 
45 MoS2 0.31-1.82 0.023-0.071 3.294 2.509 
81 MoS2 0.58-3.41 0.019-0.112 3.232 2.423 
102 MoS2 0.67-3.29 0.046-0.178 3.251 2.492 
115 MoS2 0.67-3.93 0.046-0.178 2.846 2.460 
45 MoSe2 0.34-1.97 0.046-0.178 3.089 2.471 
62 MoSe2 0.40-1.95 0.046-0.178 2.843 2.562 
95 MoSe2 0.44-2.12 0.042-0.200 3.293 2.397 
140 MoSe2 0.36-1.76 0.042-0.200 3.011 2.400 
The diameters of the two laser spots on different samples are also measured. First, the 
optical images of the laser spots are captured with a CCD (charge-coupled-device) camera 
(Olympus DP-26, Olympus Optical Co., Ltd.). Then these images are analyzed based on a 
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Gaussian fitting method to calculate the diameters of the laser spots. The obtained values of 
the diameters (at e-1 of the center intensity) of the laser spots on the eight samples are also 
listed in Table 3.1. It can be seen that there are some differences among the laser spot on 
different samples and between the two lasers on the same sample. These differences are 
induced by the difference between the two lasers, the surface quality of the suspended samples, 
and the slight variation of the focusing level during the experiment. 
As the nanosecond ET-Raman technique is based on the assumption of diffusive and 
local-equilibrium thermal transport, it is necessary to compare the laser spot size with the 
phonon mean free path of the sample. The phonon mean free path (MFP) of graphene is about 
600 nm 65 and the modal MFP of some flexural acoustic modes can be several microns 66. This 
is much longer than that of other materials. The phonon MFP of MoS2 or MoSe2 is much 
shorter. The diameter of the laser spot sizes in our work is about 2.4 µm or larger. That is, the 
laser spot sizes of the two transport states are much longer than the phonon MFP of MoS2 and 
MoSe2. Thus, we can take the thermal transport as diffusive and local-equilibrium.  
The 45 nm-thick MoS2 and 45 nm-thick MoSe2 are used to explain the results. Figures 
3.5(a) and (b) show the 3D contour maps of the MoS2 Raman peaks at 380 cm
-1 and 405 cm-1 
under different laser powers of the two lasers to give an overall picture on how the Raman 
intensity of the two peaks varies with the laser power. That is, Raman intensity increases 
linearly with the increase of laser power. As shown in Fig. 3.5(a), the linearity at some data 
points are not very good, which may be induced by the Gaussian fitting errors of the Raman 
spectra. This could also be caused by the laser heating effect. With the laser irradiating the 
sample, the local temperature will increase, and the detected Raman intensity will decrease. 
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Figures 3.5(c) and (d) are also the contour maps of the two Raman peaks to indicate that the 
two Raman peaks will be redshifted with the increase of laser power.  
 
Figure 3.5 Contour maps of MoS2 Raman peaks. The 45 nm-thick sample is used to illustrate 
the ns ET-Raman experimental results. Both a CW laser and a ns laser are used to generate 
different energy transport states. (a) and (b) are the 3D contour maps to demonstrate the 
variation of Raman intensity against laser power of CW laser and ns laser, respectively. (c) 
and (d) are the 2D contour maps to demonstrate the variation of Raman shift against laser 
power of CW laser and ns laser, respectively.  
Five representative room temperature Raman spectra of MoS2 under CW laser and ns 
laser are shown in Fig. 3.6(a) and (b), respectively. It can also be seen that both the Raman 
peaks of MoS2 are redshifted with the increase of laser power. This indicates the local 
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temperature of the sample is increasing with the increase of laser power. We show the power-
dependent peak positions in the linear, low-power range by using 
( ) ( ) ( )2 1 2 1P P P P P     = − = − =  . As shown in Fig. 3.6(c) and (d), the positions of the 
two peaks of MoS2 have a good linear relationship with the laser power.  
 
Figure 3.6 Raman spectra of 45nm-thick suspended MoS2. (a) Five representative Raman 
spectra of MoS2 with increased laser power under CW laser with 20 objective lens in Room 
Temperature. The variation of Raman shifts for the two modes of MoS2 are 1.29 cm
-1 and 1.03 
cm-1, respectively. (b) Five representative Raman spectra of MoS2 with increased laser power 
under ns laser with 20 objective lens in Room Temperature. The variation of Raman shifts 
for the two modes of MoS2 are 2.00 cm
-1 and 1.25 cm-1, respectively. The spots of the two lasers 
are also shown in (a) and (b). For the two lasers, the Raman shifts of the two modes as a 
function of laser power are shown in (c) and (d), respectively. The solid lines in the two figures 
are the fitting results to obtain the linear power coefficient. 
In this work, the A1g mode of MoS2 is chosen to deduce RSC since 
1
2gE  mode is prone 
to strain while A1g is not.
67 It can be seen in Fig. 3.6(c) and (d), the linear fitting results RSC 
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of A1g mode under CW laser is – (0.816  0.013) cm
-1·mW-1, and under ns laser is – (16.4  
0.5) cm-1·mW-1. When the average energy inputs of the two lasers are the same, the pulse 
power of the ns laser will be very high, and the thermal diffusion length under ns laser is also 
much smaller than under CW laser. As a result, the temperature rise of the sample irradiated 
by ns laser will be much higher than CW laser, and the RSC values under ns laser will also be 
much larger than that under CW laser. 
 
Figure 3.7 Contour maps of MoSe2 Raman peak. The 45 nm-thick sample is used to illustrate 
the ns ET-Raman experimental results. (a) and (b) are the 3D contour maps to demonstrate 
the variation of Raman intensity against laser power of CW laser and ns laser, respectively. 
(c) and (d) are the 2D contour maps to demonstrate the variation of Raman shift against laser 
power of CW laser and ns laser, respectively. 
Figures 3.7(a) and (b) show the 3D contour maps of the MoSe2 Raman peak at ~240 
cm-1 under different laser powers of the two different lasers. The Raman intensity of this peak 
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is also linearly related to the laser power. Figures 3.7(c) and (d) are contour maps of this Raman 
peak to show that the peak will also be redshifted with the increase of laser power. Five 
representative room temperature Raman spectra under the two lasers are also shown in Fig. 
3.8(a) and (b). A redshift of the Raman peak could also be seen. It can be seen in Fig. 3.8(c) 
and (d), the shift of the peak of MoSe2 is also linearly related to the laser power. The linear 
fitting results RSC of A1g mode under CW laser is – (0.974  0.017) cm
-1·mW-1, and under ns 
laser is – (7.48  0.18) cm-1·mW-1.  
 
Figure 3.8 Raman spectra of 45 nm-thick suspended MoSe2. (a) Five representative Raman 
spectra of MoSe2 with increased laser power under CW laser with 20 objective lens at room 
temperature. The variation of Raman shift of MoSe2 is 1.50 cm
-1. (b) Five representative 
Raman spectra of MoSe2 with increased laser power under ns laser with 20 objective lens at 
room temperature. The variation of Raman shift of MoSe2 is 0.92 cm
-1. For the two lasers, the 
Raman shifts as a function of laser power are shown in (c) and (d), respectively. The solid lines 
in the two figures are the fitting results to obtain the linear power coefficient.  
The RSC values for all the eight samples are listed in Table 3.2. The RSC values 
roughly decrease with increased thickness of the samples for both CW and ns laser heating, 
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which indicates that the increase of the in-plane thermal conductance of the sample versus the 
sample thickness. As the thickness of all the samples are larger than the laser absorption depth 
of the corresponding materials, the absorbed energy will be nearly the same for samples with 
different thickness. However, the temperature rise is decreasing, which means that the 
temperature rise is smaller for thicker samples. For thicker samples, in-plane thermal 
conductance is larger due to the larger heat conduction cross-section. As a result, the 
temperature rise will be smaller for thicker samples.  
Table 3.2 Summary of the A1g mode RSC values under the two lasers for the eight samples 
Sample 
thickness 
(nm) 
Sample 
materials 
A1g mode RSC under 
CW laser (cm-1·mW-1) 
A1g mode RSC under 
ns laser (cm-1·mW-1) 
Normalized RSC  
45 MoS2 - (0.816 ± 0.013) - (16.4  0.5) 20.09 ± 0.69 
81 MoS2 - (0.322 ± 0.007) - (8.36 ± 0.19) 25.98 ± 0.82 
102 MoS2 - (0.299 ± 0.004) - (8.12 ± 0.15) 27.17 ± 0.62 
115 MoS2 - (0.268 ± 0.005) - (7.44 ± 0.10) 27.73 ± 0.64 
45 MoSe2 - (0.974 ± 0.017) - (7.48 ± 0.18) 7.68 ± 0.23 
62 MoSe2 - (0.876 ± 0.014) - (7.75 ± 0.18) 8.84 ± 0.25 
95 MoSe2 - (0.553 ± 0.009) - (6.20 ± 0.13) 11.22 ± 0.30 
140 MoSe2 - (0.529 ± 0.011) - (6.95 ± 0.19) 13.15 ± 0.45 
3.4.2 Determination of Thermal Conductivity 
By combining these two RSC values of CW and ns lasers, a normalized RSC (Θ ) is 
obtained, and the values of the eight samples are also summarized in Table 3.2. These values 
listed in Table 3.2 indicate that Θ  increases with the increase of thickness of MoS2 and MoSe2. 
Then a 3D numerical modeling based on the finite volume method is conducted to calculate 
the temperature rise under the two energy transport states to determine the in-plane thermal 
conductivity of MoS2 and MoSe2 with different thickness.  
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Figure 3.9 3D numerical modeling process of ns ET-Raman. (a) Simulation of the heat 
conduction under a CW laser, a Raman intensity weighted average temperature over space 
domain is obtained based on the temperature and Raman intensity distribution in the space 
domain. (b) Simulation of the heat conduction under a ns laser, a Raman intensity weighted 
average temperature over time and space domain is obtained based on the temperature and 
Raman intensity distribution in the time and space domains. 
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Figures 3.9 (a) and (b) show the 3D numerical modeling process under the steady state 
and the transient state, respectively. The laser power used in the simulation is also very low 
(0.05 mW) to ensure a small temperature rise. The corresponding laser spot size measured in 
the experiment is also used in the simulation to guarantee the simulation accuracy. A Raman 
intensity weighted average temperature rise over space ( CW
Theoretical
22T − ) under steady state 
and a Raman intensity weighted average temperature rise over space and time ( ns
Theoretical
22T − ) 
under transient state are obtained. This simulation process is done for different κ values. Then 
the ratios of these two values ( ns CW
Theoretical Theoretical Theoretical
( 22) ( 22)T T = − − ) under 
different trial κ values are used to determine the theoretical curve of Θ  against κ.   
Figures 3.10(a) and (b) show the temperature rise of 45 nm-thick MoS2 and 45 nm-
thick MoSe2 under the two energy transport states in our modeling. Figures 3.10(c) and (d) 
show the theoretical Θ  curves of these two samples. And the values obtained in the 
experiments could be interpolated to determine κ of the samples. As shown in these two figures, 
the κ values of 45 nm-thick MoS2 and 45 nm-thick MoSe2 are 40.0 ± 2.2, and 11.1 ± 0.4 W·m
-
1·K-1, respectively. Also, the final results and the uncertainty for the other six samples are 
summarized in Table 3.3. In this work, pc   and    are assumed to be constant. Here the 45 
nm-thick MoS2 sample is used to justify this assumption. The Raman shift change (   ) of 
this sample under laser irradiation is 0.98 cm-1 in the CW case. The Raman temperature 
coefficient ( ) is around 0.0123 cm-1K-1.54 Then the temperature rise of the sample under laser 
spot can be calculated as Ra 80 KT  =  = . The thermophysical properties of the sample 
are determined by the average temperature rise of the entire sample. This temperature rise can 
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be calculated as 2s 02 / ( )T rTdr r =  , where r  is the distance to the sample’s middle point. 
Using these two values and the theoretical Raman intensity weighted temperature 
CW Theoretical
T  
that is shown in Fig. 3.9(a), the average temperature rise of the sample in all domain under 
laser irradiation is determined based on sa s Ra CW Theoretical
/ ( 22)T T T T=  − . The obtained saT  is 
about 25 K, which is small enough to assume that   is constant for the experiment. Also, as 
shown in Fig. 3.6(c) and (d), the Raman shift change of the ns case is close to the CW case. 
Therefore, the average temperature rise for the ns case is also close to the CW case. As a result, 
pc  can also be assumed constant during the thermal characterization. 
 
Figure 3.10 3D numerical modeling results for the 45 nm-thick MoS2 sample and the 45 nm-
thick MoSe2 sample. (a) and (b) show the average temperature rise of MoS2 and MoSe2 under 
the two energy transport states with the increase of in-plane thermal conductivity, respectively. 
(c) and (d) show the relation between the ratio of temperature rise under two energy transport 
states and the in-plane thermal conductivity of the samples. The in-plane thermal conductivity 
of the samples is obtained by interpolating the modeling results based on the experimental 
data.   
As shown in Table 3.3, the measured in-plane thermal conductivity of suspended MoS2 
films and suspended MoSe2 films increases with the increase of film thickness. For MoS2, 
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when the thickness increases from 45 nm to 115 nm, the corresponding thermal conductivity 
increases from 40.0 ± 2.2 to 74.3 ± 3.2 W·m-1·K-1. The thermal conductivity of 115 nm-
thickness MoS2 is about 86% higher than the 45 nm-thickness MoS2. For MoSe2, when the 
thickness increases from 45 nm to 140 nm, the corresponding thermal conductivity increases 
from 11.1 ± 0.4 to 20.3 ± 0.9 W·m-1·K-1. The thermal conductivity of 140 nm-thickness MoSe2 
is about 83% higher than the 45 nm-thickness MoSe2. To explore the relationship between the 
in-plane thermal conductivity and the thickness of these two materials, the thermal 
conductivities of different thicknesses obtained in our work and the previous studies are 
summarized in Fig. 3.11 (a) and  (b).35-36, 54, 67-75  
Table 3.3 Summary of the in-plane thermal conductivity (κ) determined based on the 3D 
numerical modeling and experiments 
Sample 
thickness 
(nm) 
Sample 
materials 
κ (W·m-1·K-1) 
Sample 
thickness 
(nm) 
Sample 
materials 
κ (W·m-1·K-1) 
45 MoS2 40.0 ± 2.2 45 MoSe2 11.1 ± 0.4 
81 MoS2 57.7 ± 3.2 62 MoSe2 14.9 ± 0.5 
102 MoS2 65.8 ± 2.7 95 MoSe2 16.0 ± 0.6 
115 MoS2 74.3 ± 3.2 140 MoSe2 20.3 ± 0.9 
As shown in these two figures, different values of thermal conductivity for the samples 
with the same number of layers are observed. The difference can be attributed to three factors. 
First, the quality of the prepared samples and the measurement methods are different.67 For 
atomic-layer materials, the influence of the surface roughness and the wrinkles on the thermal 
conductivity could not be neglected. As the disadvantages of different measurement methods 
could induce different errors, the measured thermal conductivity could also be different. 
Second, a discrepancy exists among the obtained temperature coefficients of the samples in 
the reported works using temperature-dependent Raman spectroscopy. This discrepancy is 
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possibly related to the different strain effects on samples with different sizes. Third, the laser 
absorption coefficient is a very important parameter in the widely used optothermal method 
based on Raman spectroscopy. However, the coefficient used in different papers is not the 
same. There can be about 57% difference among these values.36 As a result, the measured 
thermal conductivity can also be varied significantly. 
 
Figure 3.11 (a) Summary of the in-plane thermal conductivities of the MoS2 films in this study 
and in previous studies. (b) Summary of the in-plane thermal conductivities of the MoSe2 films 
in this study and in previous studies. 
As shown in Fig. 3.11(a) and (b), when thickness of the samples is less than 3 nm, there 
is a trend of decreasing in-plane thermal conductivity with the increase of thickness. This is 
related to the following two factors. The first one is the change in  phonon dispersion.76 For 
monolayer MoS2 or MoSe2, there are three acoustic branches, including longitudinal acoustic 
(LA) branch, transverse acoustic (TA) branch, and flexural acoustic (ZA) branch. For few-
layered MoS2 or MoSe2 (N  4), there are 3N-3 low-frequency optical phonon branches in 
addition to the three acoustic branches. A phenomenon named avoided-crossing, which 
reduces the average group velocity for the heat carrying phonons, could be observed among 
the optical phonon branches. The thermal conductivity decreases due to the lower group 
velocity. However, due to the low density and small velocity of the optical phonons, the effect 
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of this factor is quite limited. The other factor is Umklapp scattering resulting from crystal 
anharmonicity.36 In monolayer MoS2 or MoSe2, Umklapp scattering is quenched and the 
thermal conductivity is affected mostly by the edge boundary scattering. In few-layered 
samples, the scattering rates of ZA phonons are significantly larger, which means Umklapp 
scattering plays a much more important role in deterring the thermal conductivity of the 
samples. For thicker samples, the trend of increasing in-plane thermal conductivity with the 
increase of thickness is clearly observed for both the suspended MoS2 films and the suspended 
MoSe2 films. The thickness dependence of MoS2 and MoSe2 originates from significant 
surface scattering of long MFP phonons. Similar results have been observed in few-layered 
black phosphorus 34 and few-quintuple-layered Bi2Te3 films 
77, where surface scattering was 
found to heavily affect electron and phonon transport.  
The surface scattering effect of phonons is analyzed below to explain the thickness-
dependent thermal conductivity. By solving the phonon Boltzmann equation using the 
Landauer approach, the thermal conductivity could be expressed as:34, 77-78 
 ( ) ( ) ( )0 , ,ph ph phK M T W T d     =  , (6) 
where 20 / 3BK k T h=  is the quantum of thermal conductance, phM  is the number of 
conducting modes per cross-sectional area, ph  is the phonon MFP for backscattering, which 
includes Umklapp phonon-phonon scattering and surface scattering. 
( ) ( ) ( )2 2, 3 / , /ph B BEW T k T n T T    =     is a normalized ‘window function’ with BEn  being 
the Bose-Einstein distribution and   the phonon energy. In this work, the experiments are 
conducted at room temperature, and the laser heating effect is also very moderate. The phonon 
dispersion is also nearly the same for samples with different thickness. Conclusively, the 
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effects of ( )phM   and ( ),phW T  could be neglected. Only the effect of ph  should be 
considered. The MFP for MoS2 and MoSe2 films is obtained by including the effect of surface 
scattering using the Fuchs-Sondheimer approach77-78 : 
 ( )
( )
3 5
1
3 1 1 1 1
1
2 1
x
ph bulk x
p e
E dx
x x pe


 

 −
−
 − − 
= − −  
−  
 , (7) 
where ( )4 / 3 / bulkt = , t is the thickness of the film and p is the specularity parameter 
controlling the degree of resistive scattering at the surface, with p = 0 and 1 corresponding to 
completely diffuse and specular scattering, respectively. The parameter p for surface scattering 
is related to bulk materials. Based on Equation (7), the MFP is longer for thicker films, which 
means a weaker surface scattering effect for thicker films. As a result, the corresponding in-
plane thermal conductivity is also higher for thicker films. 
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CHAPTER 4 ANISOTROPIC THERMAL CONDUCTIVITIES AND STRUCTURE 
IN LINGIN-BASED MICROSCALE CARBON FIBERS 
4.1 Sample Preparation and Characterization 
The carbon fibers used in this work are synthesized from pyrolytic lignin (PL). PL is 
obtained by pyrolyzing red oak at 500 ºC, and collected as stage fraction 1(SF1) of the vapor 
condensates 79. SF1 is further washed with deionized water three times to remove sugars. The 
water washed PL is thermally treated at 105-130 ºC with addition of sulfuric acid as catalyst 
80. The obtained PL precursor is subjected to melt-spinning at 140-150 ºC with a winding speed 
of 50 m/min to get the as-spun fiber. The as-spun fiber is mounted on a metal rack and 
oxidatively stabilized in a convection oven at 0.3 ºC/min from RT to 250 ºC, and then is held 
at 250 ºC for another 1 h. Then the stabilized fiber is carbonized in a tubular furnace with argon 
as carrier gas. The heating program used for carbonization is 3 ºC/min from RT to 1000 ºC, 
and then held at 1000 ºC for another 1 h. Typical SEM images of the produced carbon fiber 
are shown in Fig. 4.1(a)-(c). As shown in Fig. 4.1(a), the diameters of the four CFs are all 
around 50 µm. Figures 4.1(b) and (c) are the SEM images to zoom in the surface and cross-
section of a single CF. As shown in these two figures, the surface of the CF is smooth, and the 
cross-section has a very good circular shape. 
 
Figure 4.1 (a) SEM image of several CFs. (b) SEM image of the surface for a single CF. (c) 
Cross-sectional view of the CF.  
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X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) have been used 
to study the microstructure and elemental composition of the CFs in our previous work 45. Two 
broad peaks were observed at 23.53 and 43.18 in XRD characterization, corresponding to 
(002) peak and (100) peak in the XRD results. Then, the lattice spacing of (002) peak was 
determined to be 0.378 nm. For PAN-based CFs, the value was 0.3395-0.353 nm. And for 
highly graphitized carbon, this value should be less than 0.344 nm 81-83. As a result, non-
graphitizable carbon with turbostratic structure and a certain small amount of cross-links may 
exist in the lignin-based CFs. 
The XRD result also indicated low crystallinity of the CFs. Based on our previous XRD 
results, the crystallite size was determined at 0.9 nm in the cross-plane direction (002) and 1.2 
nm in the in-plane direction (100). The Scherrer constants used for determining these two 
values were all equal to 0.9. The ratio of the crystallite size in the in-plane direction (La) and 
the crystallite size in the cross-plane direction (Lc), La/Lc, was less than 10. This indicated that 
the CF formed by red oak was graphitizing 84. However, as the red oak was pyrolyzed at 500 
ºC, a finely porous structure was likely exhibited. That is, non-graphitizable carbon may exist 
in the CF 85. The XPS was used to do the chemical analysis. The elemental composition was 
determined as: C (93.4%), H (0.74%), and O (4.55%). The functional groups existing in the 
sample included C-H, C-C, C=C (these three totally 84.83%), C-O (7.87%), and O-C=O 
(7.29%). And most of the C-O and O-C=O functional groups were situated in the cross-links 
or defective regions between carbon layers. Due to these functional groups, the lattice spacing 
between carbon layers was larger than that of PAN-based CFs. Because of the low crystallinity, 
the axial thermal conductivity of the lignin-based CFs was very low 43, 86. 
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4.2 Physical Principles for Anisotropic Thermal Conductivity Characterization 
4.2.1 Characterization of the Thermal Conductivity in the Axial Direction 
The TET technique is used to determine the thermal conductivity ( a ) in the axial 
direction of CF. In TET measurement, as shown in Fig. 4.2(a), a single CF is suspended 
between two aluminum electrodes. Silver paste is used to secure the contact between the 
sample and the two electrodes. A small step DC current is applied to induce Joule heating. The 
electrical resistance (R) of CF, which is temperature dependent, will decrease during this 
heating process. As a result, the voltage over the sample will also decrease. And this voltage 
variation can be used to probe the temperature variation of the sample. Due to the large aspect 
ratio of CF ( 32L D  , L: sample length, D: sample diameter), the governing heat transfer 
equation of the sample can be considered as a 1D heat transfer, that is: 
 
4 42
0
2
( ) 4 ( )p
a
c T T TT
q
t x D
 

 −
= + −
 
, (8) 
where q  is electrical heating power per unit volume. The term 4 404 ( )T T D −  represents the 
radiation heat loss, where   is the surface emissivity and   is Stefan-Boltzmann constant. 
The initial condition of this problem is 0( , 0)T x t T= = , where 0T  is the initial temperature of 
the sample. Since the aluminum electrodes are much larger than the sample dimension, they 
can be considered as thermal reservoirs that their temperature remains unchanged during the 
electrical heating. As a result, the boundary conditions are 0( 0, ) ( , )T x t T x L t T= = = = . The 
temperature distribution along the wire can be expressed as 
0 0
( , ) ( , )
t x
T x t T x dx d  =    
87, 
which indicates that the temperature depends on both the position along the fiber and the time. 
Here ( , )T x   is the Green’s function for the temperature response to a pulse heating at x  and 
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 . Then, a normalized temperature rise which is defined as 0 0( ) [ ( ) ] [ ( ) ]T t T t T T t T
 = − → − , 
where ( )T t →  is the temperature at steady state, can be written as below 88:  
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 . (9) 
Here eff  is the effective thermal diffusivity including the radiation effect. eff  can be 
obtained based on the relation between temperature variation and voltage variation. More 
details could be found in our previous work 87, 89-90. The real axial thermal diffusivity ( a ) can 
be obtained by subtracting the contribution of radiation as 3 2 216a eff pT L D c    = −  
45. 
 
Figure 4.2 (a) Illustration of the TET technique. A small current is applied over the CF, and 
the voltage variation is used to probe the temperature change. The axial thermal conductivity 
of CF can be determined. (b) Illustration of the FET-Raman technique. A function generator 
is used to generate a square wave to modulate the CW laser. Two different energy transport 
states in the frequency domain with the same objective lens (20×) are constructed. The radial 
thermal conductivity of CF can be obtained.  
Here, we use 0.85 =  91. The effective thermal conductivity ( eff ) can be obtained by 
comparing the solution at steady state ( t = ) to the solution at initial state ( 0t = ), as 
2 12eff I RL A T = 
92, where A is the cross-sectional area of the fiber, and 
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( ( ) ( 0)) ( )T R t R t R T = → − =   . R T   is obtained from R-T correlation. Additionally, 
using the obtained eff  and eff , we can calculate pc  as . 
4.2.2 Characterization of the Thermal Conductivity in the Radial Direction 
The FET-Raman technique is used to measure the thermal conductivity ( r ) in the 
radial direction of CF. In the FET-Raman technique, we probe the thermal response of CF by 
irradiating the CF using a CW laser with 532 nm wavelength. And two energy transport states 
are constructed with the same laser. Figure 4.2(b) shows the physical principle of this technique. 
The first energy transport state is the steady-state heating. CF will absorb the laser energy and 
transport it along the axial and radial directions. As a  is obtained by using the TET technique, 
the energy transport in this direction is known. By collecting the excited Raman signals during 
laser heating, we can obtain the temperature profile of CF. Note here we do not need to measure 
the real temperature rise of the sample. By using different laser power (P), RSC of the sample 
could be obtained: ( ) ( )CW 1/ / ,r aP T f     =   =   . CW  is determined by laser 
absorption coefficient ( ), temperature coefficient of Raman shift ( ), the thermal 
conductivity in the radial direction ( r ), and the thermal conductivity in the axial direction 
( ). 
To construct the second energy transport state, a square wave with a specific frequency 
is generated to modulate the CW laser amplitude. After a sufficient number of heating cycles, 
the sample temperature will vary periodically. Compared to the total laser irradiation cycles in 
the experiment, this time, which is called warm-up time, is short and negligible 93. In each 
period of this modulated laser, there is a laser-on time ( h ) and a laser-off time ( c ). If the 
frequency is very low, the temperature of the sample will reach the steady-state during h and 
eff eff
 
/ T 
a
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return to initial temperature during c . The average temperature rise during h is equal to that 
under the first energy transport state. This temperature rise is named s . If the frequency is 
very high, the temperature variation during h  and c  will be very small, and this variation is 
almost negligible. As a result, the temperature of the sample can be regarded as a constant after 
the warm-up process. This state is named quasi-steady state and the temperature rise is named 
qs . With the decrease of frequency, the energy transport state changes from quasi-steady state 
to steady state, and the corresponding temperature rise increases from qs  to s . In our 
previous study, we found empirically that qs s 2 =  within experimental uncertainties 
93-95. 
To have a good sensitivity, an appropriate frequency is needed to construct the second energy 
transport state. In this work, the modulation frequency is selected for different CFs and 
different temperatures. And the selected frequencies are all around the middle of quasi-steady 
state to steady state range based on our preliminary study. Similarly, by using different laser 
power, the RSC value could also be obtained: ( ) ( )2FR / / , ,r a pP T f c      =   =   . 
FR  is determined by laser absorption coefficient, temperature coefficient of Raman shift, 
volumetric heat capacity, and the thermal conductivities in the two directions. And the thermal 
diffusion length in the two directions are different from the steady state. That is, the 
contribution of heat conduction, which is highly related to the thermal conductivity of CF, to 
the two RSCs are different for the two cases. 
Based on these two RSCs, a dimensionless normalized RSC is defined as 
FR CW 3( , , )r a pf c     = = . The effects of laser absorption coefficient and temperature 
coefficient are completely ruled out in  . The laser power used in the experiment is very low 
to control the temperature rise of CFs at a moderate level. In this work, pc  and a  of the 
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sample are measured by using the TET technique. Then,   is only related to the unknown r
of CF. Based on the different contribution of heat conduction under the two energy transport 
states,   could be used to determine r . A 3D heat conduction model is used to simulate the 
temperature rise under the two energy transport states. A relationship between Θ and r  of CF 
could then be built to obtain the theoretical curve of   against r . Then, the experimental   
is interpolated into the curve to determine . And this FET-Raman technique has been 
verified by comparing the experimental results with that of other methods in our previous study. 
Based on our previous study, the modulation frequency should be selected to make   fall 
within the range of 0.7-0.8 to have a small measurement uncertainty.95  
In the FET-Raman measurement, for the steady-state heating, the energy transport in 
the sample is governed by the differential equation 32-33 as below: 
 
2
CW CW
2
1
( ) 0a r
T T
r q
x r r r
 
 
+     + =
  
, (10) 
where TCW (K) is the temperature rise in steady-state heating,  volumetric Gaussian beam 
heating and is given as:  
 ( )
2
0
2
0
, exp expI I
L L
I r z
q r z
r 
   
= − −   
  
, (11) 
where 20 0/I P r=  is the laser power per unit area at the center of laser spot, r0 (m) the radius 
of the CW laser spot, rI radial position from the center of the laser spot, L  the laser absorption 
depth and could be obtained based on the equation )/ (4L Lk  =  
55, where  (532 nm) is the 
laser wavelength, kL the extinction coefficient of CF, and zI the distance from the sample 
surface in the laser incidence direction. We have L (CF) = 34.7 nm 
96.  
r
q
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For the frequency-resolved state, the energy transport in CF is governed by the 
differential equation 60 as below: 
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FR FR FR
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x r r r
  
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+ 

   + =
   
, (12) 
where FRT  is the temperature rise in the transient state and q  could be calculated using Eq. 
(11). By solving Equations (10) and (12), the ratio of temperature rise of CF under the two 
heating states could be obtained. In our experiments, this ratio is equal to the measured  . As 
a  and pc  are obtained from the TET experiments,   could be used to determine r  based 
on the different contribution of heat conduction under the two energy transport states. Based 
on Equation (11), the Raman signal from various depths in the radial direction is considered. 
And for the frequency-resolved state, the Raman signal at different time is also considered. 
That is, the experimental   basically is based on Raman intensity-weighted temperature rise 
in both time and space. All these are also considered in our 3D heat conduction model as we 
do in Chapter 3. 
4.3 Experimental Details 
In the TET experiment, a current source (Keithley 6221) is used to generate a small 
step current. And this current is applied to the sample shown in Fig. 4.3(a). The length and 
diameter of the sample are 1.82 mm and 53.9 µm, respectively. And an oscilloscope (Tektronix 
DPO3052) is used to measure the voltage variation during the Joule heating process. Figure 
4.3(b) shows the measured voltage variation of the sample.  
In the Raman experiment, RT Raman spectra are collected automatically under 
different laser power to get the RSC. A 20 objective lens is used for the two energy transport 
states, one lower and one higher laser power are used to irradiate CF. As shown in Fig. 4.3(c), 
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the diameter of the laser spot is also measured by using a high-resolution CCD camera of the 
microscope. The two laser powers should be maintained as low as possible to control the 
temperature rise at a moderate level and to stay within the linear temperature dependence range 
of the Raman shift. Raman experiments using the two laser powers are repeated 45 times, and 
the corresponding   values are obtained. Then these values are averaged to increase the 
accuracy of the experimental results.  
A 3D numerical modeling based on the finite volume method is conducted to calculate 
the temperature rise under the two energy transport states to determine r . The 3D numerical 
modeling process is similar to that in Chapter 3. Similarly, a Raman intensity weighted average 
temperature rise over space under stead state and a Raman intensity weighted average 
temperature rise over space and time under frequency-resolved state are obtained. Then the 
ratio of these two values is used to determine the theoretical   against r . The averaged 
from the experiments could be interpolated to determine r  of CF.  
4.4 Results and Discussion 
4.4.1 Representative Sample for the Anisotropic Thermal Characterization 
Based on the measured voltage variation shown in Fig. 4.3(b), the normalized voltage 
variation, which is 0 0( ) [ ( ) ] [ ( ) ]V t V t V V t V
 = − → − , can be used to mimic the temperature 
variation. Here, 0V  is the initial voltage and ( )V t →  is the steady state voltage. Then eff  
can be obtained to determine a  and , which are measured at 1.10 × 10
-6 m2s-1 and 2.15 
Wm-1K-1 for this selected CF. Based on the theoretical curve of  against r and the 
experimental ratio shown in Fig. 4.3(c), r  of the selected CF is 0.88 Wm
-1K-1. Based on the 
results of TET experiment and Raman experiment, r  and a are very much different. That is, 
a
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the anisotropy of thermal conductivities in the radial and axial directions exists. And this 
anisotropy is highly related to the structure of the lignin-based CFs, which will be explained 
in detail in the following sections. 
 
Figure 4.3 (a) Microscopy image of one CF sample in TET measurement. (b) Measured voltage 
variation of the sample during the TET characterization and the fitting. The black symbols are 
the experiment data and the red line is the fitting curve. (c) The theoretical curve based on the 
ratio of temperature rise under two energy transport states against the different radial thermal 
conductivities of the sample used in the simulation. The inset shows the laser spot used in the 
experiment. The radial thermal conductivity of the CF is then determined by interpolating the 
experimental result into the curve. 
4.4.2 Variation of Anisotropic Thermal Conductivities 
To further verify the anisotropy of thermal conductivities in the two directions, four 
CFs (named S1, S2, S3, and S4) are used, and three positions (named P1, P2, and P3) are 
selected on each CF. All these results are summarized in Table 4.1. The uncertainty of these 
results is about 10%. Note that a obtained from the TET technique is an average value of the 
CF. Among different CFs, the a  values are all around 1.4 – 2.15 Wm
-1K-1 at RT. 
Considering the structure difference among samples, the axial thermal conductivities show 
good consistency with each other. As a result, we can assume that the structure of the CF in 
the axial direction (termed “axial structure”) is uniform. This structure assumption will be 
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verified in section 4.4.4. Based on this assumption, the a  values at different positions of the 
same CF should be the same. The FET-Raman technique is used to measure r  at different 
positions of the same CF, and the r  of different CFs. Table 4.1 shows that the anisotropy of 
the thermal conductivities in the two directions exists for all the four CFs. As shown in Table 
4.1, the r  values at different positions of the same CF are also very different, which indicates 
that the structure of CF in the radial direction (termed “radial structure”) is not only different 
for different CFs, but also different at different axial positions of the same CF. For S1, the r  
values at three different positions are all larger than a , which means the degree of radial 
structure order is higher. For S2, the r  values at three positions are all much smaller than a , 
which means the degree of radial structure order is much lower. However, for S3 and S4, the 
r  values at some positions are smaller than a , while at some positions are larger than a . 
All these results indicate that the radial structure order varies in a large range. As the lattice 
spacing of (002) peak for pristine graphite is about 0.335 nm 97, Lc of the CF is about 1.2 nm. 
This indicates that three layers or less exist in one crystallite unit. As Lc is larger than three 
times lattice spacing of pristine graphite, defective regions and cross-links may exist in the 
crystallite. And due to the different distribution of these defective regions and cross-links in 
different CFs, r  will also vary much.  
Table 4.1 Summary of r  and a  of four CF samples 
Sample Index S1 S2 S3 S4 
Position Index P1 P2 P3 P1 P2 P3 P1 P2 P3 P1 P2 P3 
r (Wm
-1K-1) 8.0 7.6 5.5 0.19 0.11 0.21 0.82 4.9 3.3 0.51 1.5 7.5 
a (Wm
-1K-1) 1.4 1.6 1.85 2.15 
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4.4.3 Effect of Temperature on Anisotropic Thermal Conductivities 
Sample S2 is used to explore the effect of temperature on anisotropic thermal 
conductivities. For the TET experiments, the temperature ranges from 10.4 K to RT for this 
temperature effect study. The sample is suspended between two gold coated silicon electrodes 
and connected using small amount of silver paste. Then the sample is put in the vacuum 
chamber, where the air pressure is maintained below 0.5 mTorr. Figure 4.4(a) shows the V ~ t 
profiles at different temperatures. As shown in Fig. 4.4(a), the initial and steady state voltages 
are different at different temperatures. This is caused by two factors: the difference among the 
step currents applied to the sample at different temperatures, and the temperature induced 
change of the electrical resistance of the CF. Although the initial and steady state voltages are 
different, the characteristic time, which refers to the transient time in the V ~ t curves, is not 
affected by the difference. Since the length (L) of the sample is much larger than the phonon 
MFP ( ), the thermal transport is taken as diffusive transport. Therefore, a  is determined by 
various scattering mechanism. That is, the phonons are scattered by other phonons, grain 
boundaries, and defects. Then the phonon relaxation time can be approximated as: 
1 1 1 1
U b d   
− − − −= + +  45, where U , b , and d  are phonon relaxation time due to phonon-
phonon scattering (Umklapp scattering), phonon-boundary scattering, and phonon-defect 
scattering, respectively. Then,   can be related to   as:  = , where   is the phonon group 
velocity. The axial thermal conductivity can be determined based on 1 3a pc  =  . 
Therefore, the variation of a  against temperature contains information about specific heat as 
well as phonon scattering. 
Due to the temperature dependence of heat capacity, the phonon scattering information 
cannot be obtained evidently from thermal conductivity. To get rid of the effect of heat capacity, 
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the thermal diffusivity is more suitable for uncovering the phonon scattering mechanism. a  
can be expressed as 2( ) / 3 ( ) / 3a   =  = . Due to the three different phonon scattering 
processes,  can then be written as a function of phonon relaxation time as: 
 1 2 1 1 13/ ( )a U b dv   
− − − −=  + + . (13) 
  changes little with temperature. U  is strongly dependent on temperature, while b  and d  
are related to the structure of CF. The variation of a  against temperature for the sample is 
shown in Fig. 4.4(b). Phonons are the main heat carriers in CF. Phonon-phonon scattering, 
phonon-defect scattering and phonon-boundary scattering are the three main mechanisms 
controlling the axial thermal diffusivity. At RT, with the high population of phonons, phonon-
phonon scattering plays a major factor in the thermal transport. With the decrease of 
temperature, lattice vibration weakens and the phonon population decreases. Then, the phonon-
phonon scattering intensity is reduced, and the phonon MFP increases, which results in an 
increase of U . As a result, a  increases as temperature goes down from RT to around 130 K. 
With the further decrease of temperature, phonon-defect scattering and phonon-boundary 
scattering play a much more important role. The decrease of a  is due to the low-temperature 
induced structural change in the CF. Based on the structure characterization of CF, the levels 
of defects at different positions are different, which indicates that the thermal expansion 
coefficients at these positions are different. Temperature reduction can induce thermal 
expansion mismatch, which results in the increase of phonon-defect scattering intensity. Thus, 
when temperature decreases further from 130 K to around 40 K, a  starts to decrease. As 
temperature goes down to below 40 K, the phonon-phonon scattering intensity will decrease 
a
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dramatically, the overall phonon scattering of the three mechanisms will also decrease. As a 
result, a increases quickly when the temperature decreases from 40 K to 10.4 K. 
 
Figure 4.4 (a) The TET voltage profiles for CF at different temperatures: RT (295 K), 210 K, 
130 K, 70 K, and 10.4 K respectively. The symbols are the experiment data and the red lines 
are the fitting curves. (b) Temperature dependence of the axial thermal diffusivity for CF from 
RT to 10.4 K. Standard deviation of the thermal diffusivity is also shown in the figure. (c) 
Temperature dependence of the volumetric heat capacity for CF from RT to 10.4 K. (d) 
Temperature dependence of the axial thermal conductivity for CF from RT to 10.4 K. 
In the TET experiments, thermal diffusivity measurements of the CF under every 
temperature are repeated for 30 to 40 times. Then the standard deviation can be calculated out 
based on these results. And the relative errors of axial thermal diffusivity are also shown in 
Fig. 4.4(b). Based on the eff  and eff   under different temperatures, the corresponding pc  
values are obtained. Figure 4.4(c) shows the variation of pc  against temperature. When the 
temperature decreases from RT to 10.4 K, pc  also decreases. Then the variation of a  against 
temperature is determined. As shown in Fig. 4.4(d), a  decreases from 1.6 to 0.06 W·m
-1·K-1 
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when the temperature decreases from RT to 10.4 K. The -T profile shows a monotonically 
decreasing behavior as temperature goes down.  And a  tends to reach zero as the temperature 
decreases to 0 K. Due to the temperature dependence of pc , the variations of a and a  
against temperature are different. As a result, the two turning points in the a -T profile are not 
very visible in the a -T profile. 
For the FET-Raman experiments, the temperature ranges from 77 K to RT. The sample 
is put in an environmental cell, and liquid N2 is used to cool the cell. As a result, the cell can 
be cooled as low as 77 K. By using this cell, the temperature can be adjusted precisely from 
77 K to RT with a resolution of 1K. Figure 4.5(a) shows the temperature dependence of radial 
thermal conductivity. As shown in this figure, r values under different temperatures are all 
around 0.6 W·m-1·K-1. When temperature decreases from RT to 77 K, the radial thermal 
conductivity of the CF changes little throughout the entire temperature range although a  
reduces by 75% when temperature changes from RT to 77 K. 
As shown in Fig. 4.5(a), the laser spot size under each temperature is also measured 
and used in modeling to ensure highest accuracy of the experimental results. Figure 4.5(b) is a 
2D contour map of the Raman signal at different temperatures. As shown in this figure, Raman 
shift is redshifted with the increase of temperature. Raman spectra of CF at different 
temperatures are shown in Fig. 4.5(c). It can also be seen that both Raman peaks of CF are 
redshifted with the increase of temperature. The Raman spectra show two wide and overlapped 
peaks at 1350 and 1580 cm-1, corresponding to D peak and G peak for the sample. And the 
ratio of these two peak intensities /D GI I  can be used to reflect the degree of defects in the CF. 
With the increase of this ratio, the degree of defects also increases. 
a
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Figure 4.5 (a) Temperature dependence of the radial thermal conductivity for CF from RT to 
77 K. The laser spots at different temperatures are also shown in this figure. (b) 2D contour 
maps to demonstrate the variation of Raman shift against temperature. (c) Raman spectra of 
CF at different temperatures. 
As the variation of r  against temperature carries information about specific heat and 
phonon scattering, the radial thermal diffusivity ( r ) is also used to study the temperature 
effect. The variation of r  against temperature for the sample is shown in Fig. 4.6(a). Like a , 
r  is also related to phonon-phonon scattering, phonon-defect scattering, and phonon-
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boundary scattering. When the temperature decreases from RT to 130 K, r increases from 
0.35 × 10-6 to 1.09 × 10-6 m2, which is also due to the reduced phonon-phonon scattering 
intensity. With the further decrease of temperature, phonon-defect scattering is the major factor. 
The variation of /D GI I  against temperature, which can be used to reflect the degree variation 
of defects, is shown in Fig. 4.6(b). As shown in this figure, the degree of defects has a small 
change with the decrease of temperature. However, when temperature decreases to 130 K or 
lower, the variation of r is dominated by the phonon-defect scattering. Even a small structure 
change can also affect the variation of r . Figures 4.6(a) and (b) show that when the degree 
of defects increases, the phonon-defect scattering intensity increases, and r decreases. 
Considering the temperature dependence of volumetric heat capacity, we can conclude that the 
radial thermal conductivity shows very week temperature dependence based on the relation 
r p rc  = . 
 
Figure 4.6 (a) Radial thermal diffusivity of CF against temperature. (b) The variation of /D GI I  
against temperature. 
4.4.4 Anisotropic Structure of the Carbon Fiber Uncovered by Raman Spectrum 
It is assumed that the anisotropy of the thermal conductivities in the two directions are 
due to the structure difference between these two directions. This has been verified by Raman 
spectrum in multi-layered graphene, graphene paper, and highly-ordered pyrolytic graphite 
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(HOPG) 98. Compared with that from the top view, the Raman spectrum from the side of 
sample shows a weaker 2D peak for graphene, split in the G peak and invisible split in the 2D 
peak for HOPG. Here graphene paper is used to first prove that the Raman spectra are indeed 
different when the structure is anisotropic and the Raman spectra are taken from different 
orientations of the sample. The graphene paper used here is highly anisotropic and consists of 
extremely ordered graphene flakes of 5~6 layers 99-100.  
 
Figure 4.7 Raman spectra of graphene paper at different positions from top view and side view. 
The top view and side view directions of the graphene paper are also shown in the figure, the 
green arrows show the laser incident directions. 
As shown in Fig. 4.7, Raman spectra of different positions from top view and side view 
are obtained for graphene paper. G and D+D peaks exist in both two spectra. Tiny D and 
D+D' peaks, two extra peaks at 1450 cm-1 and 1517 cm-1 are detected in the Raman spectra 
from side view. The D and G peaks correspond to transverse optical (TO) phonons near the K 
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point and to optical E2g phonons at the Brillouin zone center, respectively. Both the D and G 
peaks arise from vibrations of sp2-hybridized carbon atoms 101. And the D+D peak, which lies 
at around 2430 cm-1, is the double Raman resonance of both the aforementioned TO phonons 
and the longitudinal acoustic (LA) phonons along the - direction 102. Figure 4.7 shows that 
D+D˝ peak has a much higher intensity in the Raman spectrum for the side than that from top 
view. 
Based on the above verification, Raman spectra of sample S3 in the two directions are 
also collected and compared, shown in Fig. 4.8(a) to study the structure anisotropy. For the 
cross-section measurement, the CF is not sliced by a saw. The CF is broken directly and the 
Raman spectra are collected from the cross-section. Based on our previous study on silicon 103, 
the grain size at the edge or cross-section may be different from that at the side surface. Due 
to this difference, the corresponding Raman intensity can be different, while the types of 
Raman peaks cannot be altered. As shown in Fig. 4.8(a), the kinds of Raman peaks in the two 
directions are not the same, which indicates that the structure orientations are different in the 
two directions. As shown in Fig. 4.8(a), the D, G, D+D peaks, and the peak around 472 cm-1 
exist in both two spectra. The peak observed at around 472 cm-1 is designated as the overtone 
of the L1 mode. The L1 mode is strongly dependent on the excitation energy and has the same 
polarization behavior as the G mode. And this laser-energy-dependent mode is the resonantly 
enhanced phonons in the TA phonon branches 83. Figure 4.8(a) shows that there are some 
differences for these peaks in both spectra. First, both D peak and G peak are sharper when the 
laser irradiates the side of the CF. Second, the Raman intensity of D peak is larger than that of 
G peak when the laser irradiates the side of the CF. While the Raman intensity of D peak is 
smaller than that of G peak when the laser irradiates the cross-section of the CF. Third, it is 
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obvious that the D+D peak and the peak around 472 cm-1 detected from cross-section have a 
substantially higher intensity. This clearly demonstrates the difference between axial and radial 
structure orientations of CF. Similar Raman spectra difference is also found for graphene paper 
as discussed above, which has very strong anisotropic structure. 
In addition to these differences among the peaks that co-exists in the two spectra, there 
are some Raman peaks only exist in the spectrum obtained from the cross-section of the CF. 
Two extra Raman peaks at 1450 cm-1 and 1517 cm-1 are detected for the cross-section Raman 
spectrum. In addition to the fundamental vibrations of alkyl functional groups, these two peaks 
represent mainly aromatic semi-quadrant ring breathing for aromatic ring systems having more 
than two fused benzene rings. The aromatic ring systems are typically found in amorphous 
carbon materials 104-106. That is, these two peaks can be used to reflect the structure order of 
the detecting area. A tiny 2D peak at 2675 cm-1, which is an overtone of D peak, is also detected 
in the cross-plane direction. The shape of this peak can be used to identify monolayer graphene. 
As this peak is the sum of two phonons with opposite momentum, it is also present in the 
absence of any defects. In Fig. 4.8(a), there is also a peak at around 2940 cm-1, called D+D', 
which is a combination of two phonons with different momentum. The D' peak occurs via an 
intravalley double-resonance process in the presence of defects 101. All these differences reflect 
the structure orientation difference in the two directions, which leads to the anisotropic thermal 
conductivities in the two directions. To this point, it can be firmly concluded that the carbon 
fiber has very anisotropic structure like that of graphene paper: the cross-section structure order 
is more like that of graphene when viewed from the side, and the axial direction structure order 
is more like the in-plane structure of graphene paper. Conclusively, the cross-plane thermal 
conductivity (⊥ )  should be smaller than the in-plane thermal conductivity ( ) for graphene 
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paper. Based on our previous study,   and ⊥  at RT are around 634 and 6 Wm
-1K-1, 
respectively 99-100. Thus, the anisotropy of thermal conductivities in the two directions is also 
highly related to the difference of Raman spectra in the two directions.  
In the experiment, it is also assumed that the axial structure of CF is uniform. The 
Raman scanning technique is used to scan the sample side along the axial direction and collect 
the Raman signal at each scanning position. The scanning step is 2 µm, and a total length of 
18 µm is scanned. The collected ten Raman spectra at these ten positions are shown in Fig. 
4.8(b). It can be seen that all these spectra are very similar, which indicates that the axial 
structures at different positions are close to each other. 
The Raman scanning technique is also used to scan the sample in the cross-section, 
which is to show that the radial structure is quite uniform along the radial direction at one axial 
location. Figure 4.8(c) shows the rough scanning results with a scanning step of 3 µm. The 
scanning direction is from the center of the cross-section to the side. As shown in this figure, 
there is almost no difference among the spectra at different positions. However, this is not 
sufficient to conclude that the radial structure is also uniform. 
To verify this, a fine scanning with an objective lens of 100× magnification is also done 
in this direction. The scanning step is 0.3 µm, and the scanning direction is from the side to the 
center of the cross-section. As shown in Fig. 4.8(d), the Raman spectra collected at the 
positions close the side are the same with that at the internal positions. As a result, the radial 
structure in the cross-section at one axial location is firmly proved uniform. Conclusively, the 
CF has anisotropic structures in these two directions. 
77 
 
 
Figure 4.8 (a) Raman spectra of CF measured from side and cross-section. (b) Raman spectra 
at different positions when the sample is scanned in the axial direction with a step of 2 m. (c) 
Raman spectra at different positions when the sample is scanned in the radial direction with a 
step of 3 m. And a 20 objective lens is used for this scanning process. (d) Raman spectra at 
different positions when the sample is scanned in the radial direction with a step of 0.3 m. 
And a 100× objective lens is used for this scanning process. The starting positions of the 
Raman scanning and the objective lens used for these two scanning processes are also shown 
in these two figures.  
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As shown in Table 4.1, there is a small difference among the a  values for the four 
CFs. To explain this difference, the Raman spectra at different axial locations of the four CFs 
measured from side are studied. As shown in Fig. 4.9(a), the Raman intensities of D+D and 
D+D' peaks decrease with the increase of a . Based on the Raman spectra of graphene paper 
shown in Fig. 4.7, the Raman intensities of these two peaks are higher when the exciting laser 
irradiates the cross-plane direction. 
As a result, the decrease of the Raman intensities of these two peaks from sample 1 to 
sample 4 indicates that the concentration of carbon nanocrystallites whose c-axis along the 
axial direction of the fiber is decreasing. That is, the axial structure order is increasing with the 
decrease of the Raman intensities of these two peaks. Consequently, a  increases with the 
decrease of the Raman intensities of these two peaks. Figure 4.9(a) also shows that the Raman 
spectra at different positions of the same CF are nearly the same, which verifies the uniformity 
of the axial structure. 
Based on the FET-Raman results, the r  values are different at different positions of 
one CF. To interpret this observation, the Raman spectra of cross-section at different axial 
locations are studied. Figure 4.9(b) shows the cross-section Raman spectra at four different 
cross-sections of sample S3. As shown in this figure, the Raman intensities of D+D peak, and 
peaks at 1450 cm-1 and 1517 cm-1 are different for the four positions, which indicates that the 
structure orders are different. It can be seen that the Raman intensities of 1450 cm-1 and 1517 
cm-1 peaks at cross-section 2 are lower than those at the other three cross-sectional positions. 
And the Raman intensities of D+D peak at cross-section 2 and 3 are lower than those at the 
other two positions. While the Raman intensities of the D peak and G peak at the four positions 
are nearly the same. As a result, the structure order at cross-section 2 and 3 are lower than the 
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other two positions. As the Raman intensities of the D peak and G peak at the four positions 
are nearly the same, the /D GI I  values at the four positions are also nearly the same, that is, 
the degree of defects are nearly the same. In short, the difference of r at different cross-
sections is mainly induced by the different radial structure order at these positions. 
 
Figure 4.9 (a) Raman spectra at different axial locations of the four CFs measured from side. 
(b) Raman spectra of sample S3 measured at cross-sections of different axial locations.  
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Combining all these Raman scanning results, the structural components of the CF are 
believed to consist of carbon nanocrystallites, amorphous carbon, and nanopores 107. The 
carbon nanocrystallites are regions of graphene layers, and the lattice vibration directions are 
different for these regions 108. The amorphous carbon can be a mixture of carbon atoms trapped 
in the carbon nanocrystallites. The nanopores spread within the carbon nanocrystallites and 
amorphous carbon mixture. 
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CHAPTER 5 CONCLUSION AND FUTURE WORK 
5.1 Conclusion 
5.1.1 Conclusion on Asymmetry of Raman Scattering by Structure Variation in Space 
In this work, asymmetries of Raman scattering along one scanning direction, between 
two scanning directions, and by structure variation of sample in space were discovered. Silica 
microparticles with a diameter of 1210 nm, glass fibers of different diameters, and MoSe2 were 
deposited on the silicon substrate to explore the effect of the asymmetry on the experimental 
results. It was found that the variance of Raman intensity was symmetric. For silica 
microparticle, both the variance of Raman shift along the x direction, and the variances of 
Raman shift between the two scanning directions were asymmetric. The variance of linewidth 
along each scanning direction was symmetric while asymmetry was found when comparing 
the scanning results along the two scanning directions. For glass fibers, the asymmetry of 
Raman shift not only existed along each scanning direction, but also could be discovered when 
comparing the scanning results of the two directions. And asymmetries of linewidth were 
observed when the glass fibers were scanned along the y direction, and comparing the scanning 
results along the two directions. The asymmetries mentioned above were mainly caused by the 
alignment of the detector units in the spectrometer and the pixel numbers along each direction. 
For MoSe2 nanosheet, in addition to the asymmetry of Raman shift when scanned along the 
two directions, a third asymmetry, which was caused by the step variation of the MoSe2 
nanosheet on silicon substrate, could also be found when the sample was scanned from the 
silicon substrate to MoSe2 nanosheet and from MoSe2 nanosheet to the silicon substrate along 
the same direction. A data construction method was proposed to eliminate these two kinds of 
asymmetries. In practice, if scanning Raman is used to explore the interaction effect between 
82 
 
different materials, the asymmetries of Raman scattering caused by the boundaries of different 
materials should be considered seriously. 
5.1.2 Conclusion on the Thermal Conductivity of Suspended 2D Atomic-layer Structures 
In this work, a novel technique, entitled ns ET-Raman, was developed to measure the 
in-plane thermal conductivity (κ) of suspended 2D atomic-layer MoS2 and MoSe2 with 
different thicknesses. A continuous wave laser and a nanosecond pulsed laser were applied to 
heat and excite the Raman signal. The resulting temperature rise, which were related to κ of 
the sample, are measured by power differential of Raman shift under the two energy transport 
states. Due to the different thermal diffusion lengths under the two energy transport states, κ 
was determined by the ratio of the two Raman shift power coefficients without knowing the 
laser absorption and temperature coefficients of MoS2 and MoSe2. κ was observed to increase 
with the thickness of both MoS2 and MoSe2. For MoS2, κ increased from 40.0 ± 2.2 to 74.3 ± 
3.2 W·m-1·K-1. For MoSe2, κ increased from 11.1 ± 0.4 to 20.3 ± 0.9 W·m
-1·K-1. This thickness 
dependence was interpreted by the increased significance of surface phonon scattering in 
thinner samples. ns ET-Raman could also be used to determine the thermal conductivity of 
other 2D materials with high accuracy and confidence. 
5.1.3 Conclusion on Anisotropic Thermal Conductivities and Structure in Lignin-based 
Microscale Carbon Fibers 
In this work, a novel method by combining the FET-Raman technique and TET 
technique was developed to measure a  and r  of lignin-based CFs. Four carbon fibers were 
characterized using this method. Significant thermal conductivity anisotropy was observed. 
The a  values for all the four CFs were around 1.8 Wm
-1K-1, and the axial structure 
difference of these CFs was very small. The r  values could be as small as 0.11 Wm
-1K-1, or 
as large as 8.0 Wm-1K-1, indicating that the radial structure difference of these fibers was very 
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large. Even for the same carbon fiber, there was also a large difference in the r  values at 
different axial positions. With the decrease of temperature from RT to 10.4 K, a  decreased 
by more than order of magnitude. While the values of r from RT down to 77 K showed very 
weak variation against temperature. All these were attributed to the anisotropic structures of 
this kind of carbon fiber. This anisotropy was verified by using a Raman scanning technique. 
The Raman spectra of the CF side and cross section showed significant difference, firmly 
confirming the structure anisotropy. The Raman scanning study uncovered that the axial 
structure was uniform along the axial direction and the radial structure was uniform along the 
radial direction. However, the radial structure showed differences at different axial locations. 
All these successfully explained the observed anisotropic thermal conductivities and the 
change of r  along the axial position. 
5.2 Future work 
To measure thermal conductivity by using Raman-based methods, the temperatures of 
optical phonons and acoustic phonons are assumed to be equilibrium. However, some studies 
have already proved that the temperatures of these phonons were not the same.102, 109 During 
measuring the thermal conductivity of suspended MoS2 nanosheet, the Raman shift power 
coefficients of A1g mode and 
1
2gE  mode were found to be different in our studies. Considering 
the relatively small strain effect, the physics related to the difference should be further explored. 
This also indicated that the temperatures of the corresponding phonons were not the same. In 
addition, the neglect of such nonequilibrium could result in the underestimation of thermal 
conductivity by using Raman-based methods. The ns ET-Raman technique and 3D numerical 
simulation method can be used to explore the temperature nonequilibrium in materials. This 
work can include the following topics.  
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1. Distinguish Temperatures of acoustic phonons and optical phonons and energy 
coupling between them. The ns ET-Raman technique can be used to obtain the temperature 
rise of MoS2 and MoSe2 nanosheets. This temperature rise is attributed to both acoustic 
phonons and optical phonons, while the temperature rise obtained from the 3D numerical 
simulation model is only related to acoustic phonons. Consequently, the temperatures of 
acoustic phonons and optical phonons can be distinguished by using laser spots of different 
sizes to conduct the ns ET-Raman experiments and the corresponding 3D numerical simulation. 
Then, the energy coupling coefficient between optical phonons and acoustic phonons can also 
be obtained for MoS2 and MoSe2 nanosheets. 
2. Determination of energy coupling coefficient between optical phonons and acoustic 
phonons in graphene paper (GP). As GP has a very high thermal conductivity, an extremely 
high laser power density is needed to induce a measurable temperature rise. However, a 
structural damaged will be induced by a laser with such a high laser power density. Thus, the 
ns-ET Raman technique cannot be used for direct thermal conductivity measurement. The 
thermal conductivity measured in our previous study can be used instead. And the CW Raman 
experiments can be conducted by using laser spots of different sizes to determine the energy 
coupling coefficient between optical phonons and acoustic phonons in GP. 
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